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Within the existing available mix of numerical and analytical thermal analysis 
options, lumped parameter thermal modelling is selected as the operational backbone 
to develop an improved novel synchronous generator thermal modelling package. 
The objective is for the creation of a user friendly quick feedback tool, which can 
serve as a means to make quick machine design thermal calculations and answer 
customer queries quickly and reliably. Furthermore, thermally improved generator 
designs will allow for inevitable operational losses to be channelled away from the 
machine more efficiently. As a result, machine component temperatures will be 
reduced, allowing lower generator thermal ratings. The end result will be smaller, 
longer lasting, more efficient generators, with the ability to be adapted with greater 
ease to particular applications. 
 
With the contribution of selected numerical analysis techniques, mainly finite 
element analysis for the distribution of iron losses, the MySolver thermal modelling 
package is developed and presented in this thesis. It is this combination of numerical 
and analytical tools that improves synchronous generator thermal modelling 
accuracy, but ultimately it is the lumped parameter nature of the thermal models 
developed that makes MySolver succeed as a reliable quick feedback electrical 
machine thermal design tool, validated using experimental results for a wide range of 
operating conditions. 
 
The initial part of the thesis analyses the electrical machine thermal modelling 
techniques available today, indicating advantages and disadvantages associated with 
each one, and providing a rationale for the selection of lumped parameter modelling 
to be used by MySolver. The development of the synchronous generator lumped 
parameter thermal models is detailed, with examples on its construction presented. 
Subsequently, finite element analysis is utilised to predict the distribution of machine 
iron losses across the rotor and stator laminations, with the findings applied to 
MySolver. Furthermore, a study is performed into the lumped parameter 
discretisation level needed to effectively represent machine windings. MySolver is 
experimentally verified using experimental data from a fully instrumented 
synchronous generator and this data is also used to obtain further insight into the 
temperature distribution within the generator. In the final part results are evaluated 
and the use of MySolver for modelling and optimising electrical machines is 
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1.1  Introduction to Importance of Thermal Modelling 
 
In the past, engineers have focused their efforts on the electromagnetic design of 
electrical machines, with thermal aspects only being dealt with at a very superficial 
level. However, today’s requirements for smaller machines of an increased energy 
efficiency and reduced cost have added new topologies and materials to the 
designer’s tool book [1]. It is fundamental for these to be thermally investigated 
together with the traditional electromagnetic analysis in an iterative way, in order for 
their real potential to be uncovered and deficiencies clearly identified [2]. Nowadays 
tighter weight and space limitations are imposed on newly developed aerospace, 
automotive and industrial applications, emphasising the need for thermal modelling. 
Examples of such highly regulated engineering products include the recently 
developed Thermo King refrigerator truck SLX-400 generator [3] with its low fuel 
consumption and minimal environmental impact, the Airbus A380 aeroplane [4] 
largest airliner in the world, and modern more efficient Hyundai Heavy Industries 
DWT bulk carriers [5], illustrated in Figure 1.1. 
 
 
Figure 1.1:  Modern thermal modelling engineering applications [3]-[5].  
Introduction   
 
 2 
In addition to this, since 1997 European governmental energy efficiency standards 
(Eff1, Eff2 and Eff3 ratings) exist, offering incentives to the more efficient motor 
designs [6]. These have been voluntary to date, but have been signed by thirty-six 
manufacturers and have the potential of becoming mandatory in the near future. In 
North America and Australia a minimum motor efficiency standard exists and China 
is planning to introduce similar measures from 2010. A vast amount of the electrical 
energy used in industry is transferred back into mechanical energy and increasing the 
current average motor efficiency of 88 % to a technically possible 96 % would allow 
for annual savings of up to 5 TWh [6]. 
 
An example of the efforts made within the European Union is The Motor Challenge 
Programme, which was launched by the European Commission in February 2003 and 
has the support of the National Energy Agencies of fifteen European countries [7]. 
The aim of the programme is to aid industrial companies in improving the energy 
efficiency of their motor driven systems. It is estimated by the European Commission 
that energy efficient motor driven systems will allow Europe to save up to 202 
billion kWh in electricity consumption every year. The appropriate thermal 
modelling of electric machines will play an important role in achieving these 
important savings, which will equate to a reduction of up to € 10 billion being spent 
each year on electricity generation. Savings of € 5 to € 10 billion per year in industry 
operations could be achieved, while environmental costs could decrease by € 6 
billion a year. Table 1.1 presents the potential savings, broken down into three 
categories, which could be made in Europe and specific EU countries if high 
efficiency motors were introduced. For all of these, the thermal behaviour of electric 
machines is of crucial consideration. 
 
Savings potential (billion kWh / year)  
EU - 15 EU - 25 Germany UK 
High efficiency motors 24 27 6 3 
Variable speed drives 45 50 10 6 
Application part of the motor systems 112 125 26 15 
Total electricity savings potential 181 202 42 24 
Table 1.1:  Energy savings potential for motor systems [7]. 
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Furthermore, in recent years there has been a growing awareness of the importance 
of reducing CO2 emissions levels to the atmosphere. An estimated 79 million tonne 
of the ‘greenhouse gas’ could be saved by using more efficient machines. This 
accounts for a quarter of the European Union’s Kyoto target, agreed in 1997. Aiming 
to achieve the agreed Kyoto target, emphasis is commonly on renewable energy 
sources and even on nuclear power, since they provide CO2-free electricity, but 
making current electricity generation methods more efficient is just as important and 
is greatly overlooked. The worldwide competitiveness of Europe’s manufacturing 
industry would be greatly enhanced by the application of these energy efficiency 
measures, allowing it to improve its position with respect to other regions in the 
world where such changes are already taking place. Countries such as the United 
States of America and Canada are also introducing similar policies and the American 
Department of Energy has launched the Energy Policy Act, making the importation 
of motors that do not meet a certain efficiency level illegal [7].  
 
Accurate thermal modelling and optimisation of electrical machines is key to the 
improved engineering, energy savings and cleaner power possibilities described in 
this section, serving as the motivation for the work carried out in this thesis. 
 
1.1.1  Importance of Electrical Machine Thermal Modelling  
 
Progress in the thermal modelling area has revealed that the electrical machine’s 
thermal rating is the main factor determining machine size, highlighting its 
importance [8]. The limiting machine temperature can be set by any component (wire 
insulation impregnation, bearings, magnet, plastic cover, encoder, housing, etc.) and 
the temperature exerted on it during operation can have a very significant effect on 
the machine’s lifespan. Identification of temperature limiting components is 
therefore essential. Figure 1.2 shows the effect of temperature on the durability of 
different types of winding insulation [9]. 
 





Figure 1.2:  Temperature vs. life curves for insulation systems [9]. 
A clear life expectancy advantage is observed when operational winding temperature 
is kept low [10]. On these lines, according to Equation 1.1, increasing winding 
temperature, T, results in a rise in copper resistivity, Cu, where the copper resistivity 
at 20 °C, Cu_20, is 1.728x10
-8 m and constant  is 0.00393/°C. 
 
[ ])20(120_ −⋅+⋅= TCuCu αρρ                (1.1) 
 
Copper losses in an electric machine have been found to be proportional to resistance 
for a constant current, making the elevation in resistivity caused by the high 
temperatures very undesirable. In fact, a 50 °C rise results in a 20 % resistance 
increase, while a 140 °C increase causes resistance to be elevated by up to 55 % [10]. 
 
In addition to this, for example, in a permanent magnet motor torque is proportional 
to current. High currents lead to high I2R copper losses and as magnet temperature 
increases, flux is lost and more current is needed to maintain the desired torque level. 
This will consequently result in further machine losses. Furthermore, machine 
lifetime is greatly dependant on the peak slot or endwinding temperature. Also, by 
limiting rotor temperatures, reductions in mechanical distortion and fatigue will be 
accomplished. In terms of machine integrity, in general, by achieving an accurate 
temperature distribution, damages such as the breakdown of stator winding insulation 
will be prevented [10]-[13]. 
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Therefore, for all machine types and sizes, thermal analysis is a fundamental step in 
the design procedure and should be considered in an iterative manner with 
electromagnetic aspects. In depth analysis of electrical machine thermal modelling is 
covered in Chapter 2. 
 
1.2  Initial Hypothesis 
 
Following the evaluation of relevant literature and the thermal analysis work 
performed to date, it is clear that thermal modelling of electrical machines is an area 
that requires significant further work. Its benefits for machine manufacturers and 
customers alike are clear and research into imprecise thermal modelling areas can 
yield even more benefits. From the available range of thermal modelling techniques a 
novel everyday thermal modelling tool is required, for reliable thermal engineer new 
design consultations and immediate customer feedback. This needs to be an accurate, 
universal, user friendly, quick feedback, thermal modelling package. The hypothesis 
being assessed in this thesis is that: 
 
Lumped parameter thermal modelling can effectively be implemented as the 
operational backbone of an accurate, universal, user friendly, quick feedback 
synchronous generator thermal modelling tool. 
 
1.3  Aims and Objectives 
 
The project has a number of clear objectives: 
 
1. To critically review the electrical machine thermal modelling work executed 
to date, highlighting advantages and disadvantages linked with the techniques 
used, selecting the most appropriate methods for an accurate, universal, user 
friendly, quick feedback thermal modelling tool. 
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2. Following the selection of lumped parameter thermal modelling, to develop a 
truly representative synchronous generator thermal model, taking thermal 
resistances/capacitances, machine power losses and cooling airflow 
considerations into account. 
 
3. To investigate the occurrence of iron losses in synchronous machine rotor and 
stator laminations utilising finite element analysis and experimental 
contributions. To apply these to the thermal models developed. 
 
4. To obtain the complete thermal characteristic of an industrial commercialised 
Cummins Generator Technologies synchronous generator, using winding 
embedded TCs (thermocouples), thermal captures and additional external 
meters and sensors. 
 
5. To validate the developed lumped parameter thermal modelling tool created 
utilising the experimental data obtained, highlighting strengths, deficiencies 
and areas where further work and research is required. 
 
In order to successfully realise these objectives, the work carried out is segmented 
into three separate stages: 
 
• Lumped parameter thermal model development: Utilise reliable synchronous 
machine geometric information and material property data to construct a 
representative thermal network. Employ spreadsheet and circuit analysis 
software to accommodate the thermal models, generating a user friendly 
reliable tool, capable of thermally analysing a wide range of electrical 
machines and yielding the required steady-state and transient results. 
 
• Iron loss synchronous machine lamination distribution: Use of finite element 
analysis to investigate the challenge of predicting iron losses generated in 
electrical machine laminations. Application of synchronous machine results 
to the developed lumped parameter thermal networks, to re-distribute 
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lamination iron losses accurately, with the objective of achieving a more 
realistic alternator temperature representation. 
 
• Experimental synchronous generator thermal analysis and thermal model 
verification: Test rig experimental thermal investigation and analysis of a 
Cummins Generator Technologies synchronous generator for a wide range of 
loadings scenarios and other external conditions. Make use of numerous 
winding embedded and additional thermocouples to obtain the required 
temperature data to validate the developed lumped parameter thermal 
modelling tool. Cover as wide a synchronous generator operational range as 
possible.   
 
1.4  Contribution to Knowledge 
 
Electrical machine designers have in the past concentrated efforts in the 
electromagnetic design, to the detriment of the design of the thermal performance of 
the machine. Nowadays this has been corrected to a certain extent, since it is clear 
that both design areas are interrelated. Even so, there are a number of electrical 
machine thermal modelling aspects requiring further research and the range of 
thermal modelling options available makes the selection of an ideal option, for a 
specific task, not trivial.   
 
Lumped parameter thermal modelling has the potential of greatly aiding synchronous 
machine designers for fast thermal related consultations during the early machine 
development stage. It has proven to give accurate steady-state and transient 
synchronous machine temperature predictions for a wide range of operating 
conditions and serves as a user friendly method for non-experienced engineers to 
make quick reliable consultations of particular operational scenarios. Numerical 
thermal analysis methods will always provide higher levels of accuracy, at the 
expense of longer model set-up and computation times, but lumped parameter 
thermal models can be utilised to determine if detailed numerical thermal modelling 
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is necessary, potentially shortening design processes and speeding up customer 
feedback. The method presented in this thesis to create lumped parameter electrical 
machine thermal networks, from machine geometries, material properties and 
reliable power loss estimations and distributions, allows for this. This is presented 
through a newly developed lumped parameter thermal modelling tool named 
MySolver, which was fully developed throughout the performed work. 
 
Overall, the research carried out increases understanding on how and when lumped 
parameter thermal modelling should be executed and utilised. Its virtues, along with 
current deficiencies, are uncovered by the work carried out, allowing for an informed 
evaluation of its role within the thermal modelling electrical machine design tool 
box. 
 
In a broader context, the research evaluates the wide electrical machine thermal 
modelling picture available and demonstrates how lumped parameter thermal 
modelling has a clear place in electrical machine design, development and 
optimisation. 
 
1.5  Thesis Outline 
 
Chapter 2 presents modern thermal modelling techniques available today, after 
outlining traditional thermal modelling procedures. Pros and cons linked to each 
current thermal modelling method are covered, with examples on when each 
technique should be utilised given. Lumped parameter thermal modelling, selected as 
the most appropriate method to create the thermal modelling tool required, is covered 
in more detail, with all model development issues to be acknowledge outlined. 
Furthermore, synchronous machine loss issues and airflow related aspects of the 
thermal model are also discussed.   
 
Chapter 3 explains how synchronous machine rotor and stator lumped parameter 
thermal networks should be developed. Numerous examples are given on the range 
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of thermal resistances constituting the thermal model, both in the radial and axial 
directions. The application of individual machine operating power losses to specific 
thermal model nodes is reasoned and the implications of the airflow on the model are 
covered. Finally, the addition of thermal capacitances to enable transient thermal 
simulations is explained.  
 
Chapter 4 reviews the iron loss finite element analysis performed. Two-dimensional 
synchronous machine finite element model development and simulation settings are 
detailed. Iron loss information is extracted from the finite element solution and, in 
particular, the distribution of these losses across the rotor and stator laminations is 
revealed. Results are translated into iron loss re-distribution coefficients, which are 
implemented in the lumped parameter thermal models created. Limitations and 
deficiencies associated with the finite element analysis work executed are 
highlighted. 
 
In Chapter 5 thermal model discretisation level issues are discussed. In particular, the 
importance of discretisation levels when modelling poor thermally conducting 
machine windings is analysed. MySolver’s approach to winding discretisation, 
without the need for any experience based estimating formulas, is explained.  
 
Chapter 6 presents the MySolver lumped parameter based thermal modelling tool. Its 
operation is overviewed and software components are stated. 
 
Chapter 7 explains how the experimental verification stage is performed. The test rig 
and test bench components used to thermally analyse the synchronous generator are 
detailed. Specifically, the complications associated with reading k-type rotor winding 
embedded thermocouples are explained and a method to resolve the problematic 
unavoidable heat junctions is presented. The chapter emphasises the delicate 
considerations required when dealing with k-type thermocouples for any thermal 
investigation. 
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Chapter 8 analyses and assess the thermal data collected from the synchronous 
machine test rig for a wide range of operating conditions. All thermocouples are 
examined and the thermal characteristic of the synchronous generator is obtained. 
MySolver operation is validated against the experimental data collected and its 
ability to accurately model specific machine segments and the generator as a whole is 
discussed. 
 
Chapter 9 evaluates and discusses the topics covered in the thesis, in order to 
objectively evaluate lumped parameter thermal modelling. MySolver specific issues 
related to the airflow, discretisation level and unclear thermal modelling areas are 
covered, together with MySolver overall limitations. Possible thermal modelling 
alternatives are also discussed. MySolver’s use as an electrical machine thermal 
optimisation tool is assessed and illustrated. Finally, additional experiments 
providing further insight on the synchronous machine’s thermal behaviour are 
presented and analysed. 
 
To conclude, Chapter 10 summarises the main points from the work covered in this 
thesis and draws a final conclusion on MySolver’s performance and lumped 
parameter thermal modelling in general. The thesis terminates with further work 
suggestions, which have the potential of enhancing the work carried out. 
 






Electrical Machine Thermal Modelling 
 
2.1  Traditional Electrical Machine Thermal Modelling 
 
The lack of attention received by thermal modelling in the past means that traditional 
electrical machine thermal design methods were mainly based on a single parameter, 
such as, thermal resistance, material heat transfer coefficients or winding current 
density. Material temperature indices were used to identify the lowest rated material, 
based on which the whole system was rated. This proved to be inaccurate in many 
cases, due to the fact that a single parameter fails to describe the complex nature of 
motor cooling. Furthermore, the insight provided by such techniques does not allow 
for machine thermal improvements to be made.  The use of thermal data derived 
from tests on existing motors, competitor catalogue data and even from simple rules 
of thumb have also been a common ineffective practice. The problem is that 
published data of heat transfer coefficients for electric machines varies greatly, as 




Figure 2.1:  Heat dissipated from frame surface of totally enclosed motor (left) and 
from armature surface of self ventilated motor (right) [11].  
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Shown in Figure 2.1 is the information, provided by several sources, on the heat 
dissipated from the frame surface of a totally enclosed motor and from the armature 
surface of a self ventilated motor, with respect to armature peripheral speed. The 
difficulty in deciding which set of data to use is clear, with a wide range of 
contradicting information available. The electrical machine designer’s decision at 
this point is of paramount importance, as it will determine the machine’s size greatly. 
Size, in turn, will unquestionably limit the machine’s application opportunities. As a 
result of this poor designing technique, there is a high chance of over-designing the 
electrical machine and, unfortunately, the user gains little insight on where future 
design efforts should be concentrated. More recently, the International 
Electrotechnical Commission (IEC) introduced improvements to these greatly 
limited modelling techniques, by adopting UL (Underwriters’ Laboratories) Systems 
ratings [16] for electrical insulation, which take into account the synergistic effects 
between machine components. Although improving thermal design, completely 
satisfying thermal modelling did not result [11]. 
 
2.2  Modern Electrical Machine Thermal Modelling 
 
Modern computer aided design packages can now be used to design the thermally 
relevant features of electric machines in an iterative manner with the electromagnetic 
design [17]-[19]. These software tools achieve a model which is true to the specific 
machine under investigation. Accurate characteristics, in terms of size, weight, 
output, efficiency, cost and lifetime can be achieved with them and development 
times and prototype costs greatly reduced as a consequence of this. Typical uses of 
thermal analysis today include design optimisation, sensitivity analysis, rapid 
response to customer enquiries, fast quantification of design changes and parameter 
estimation. By thermally optimising a particular design, in parallel with 
electromagnetic and mechanical design, the best possible machine can be developed 
and inevitable losses can be directed to the easiest route out of the machine [20]. For 
an electrical machine design and manufacturing company, these new techniques will 
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result in an increase in customer confidence and will inevitably lead to a rise in order 
numbers.  
 
At first, a designer may not be aware of the most significant design variables 
affecting thermal performance and might be concentrating efforts on areas of the 
machine that have no significant thermal importance. Modern electrical machine 
thermal modelling tools have the potential of preventing this. Additionally, some 
modern tools allow customer wishes to be evaluated promptly, as the designer will 
immediately gain feedback on whether the electric machine analysed is suitable for 
the required task. In the same way, if a change in a machine component material or 
in the manufacturing procedure is suggested in order to improve performance or 
productivity, thermal analysis packages allow for a quick quantification of the 
implications that such changes could have. Advantages and deficiencies of the 
proposed alterations will be easily highlighted [21]. 
 
On the whole, it seems clear that it is fundamental for designers to be aware of the 
effect, if any, that machine parameters will have on thermal performance, and 
modern thermal analysis tools allow this. Today’s thermal design techniques can be 
divided into two groups: analytical lumped circuit analysis and numerical analysis 
methods. The two numerical analysis methods available are finite element analysis 
(FEA) and computational fluid dynamics (CFD) [14]. 
 
In the last few years, there has been a growing awareness on the fact that thermal 
considerations are essential when designing more efficient physically smaller electric 
machines. Many papers have been published, mostly related to induction machines, 
discussing methods to improve understanding, modelling and approach to the 
thermal distribution within a machine [2], [9] & [22]-[24]. From the literature it is 
clear that both analytical and numerical methods provide thermal modelling benefits 
and should be carefully considered by machine designers. The flow diagram 
displayed in Figure 2.2 outlines the designing process that could lead to an ideal 
optimised machine. The iterative presence of analytical and numerical design steps in 
order to account for electromagnetic and thermal factors is presented as the correct 
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approach. The emphasis here is in proposing that analytical and numerical modelling 
techniques should not compete against each other, but be merged in to the same 
designing process. The speed calculation advantage characterising analytical tools 
should be combined with the greater accuracy provided by numerical methods. For 
example, CFD techniques are excellent for predicting flow in complex areas of the 
design [25], such as the open fin leakage. This method should be implemented to 
model difficult sections of the thermal design and develop functional relationships 
that can be used in the faster lumped circuit analysis. As a result of this effective 
combination, machine parameters optimisation will be possible and uncomplicated. 













Figure 2.2:  Ideal thermal modelling design process [7].  
An important issue to consider, affecting both numerical and analytical modelling 
techniques, is the effect that the electrical machine manufacturing and assembly 
process has on thermal resistances, since this can be significant in some cases [1] & 
[26]. For example, the thermal resistance between the stator lamination and the 
machine housing can be influenced by the method utilised to place the stator in the 
machine housing. Therefore, extensive input by experienced electrical machine 
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2.2.1  Numerical Thermal Modelling Methods 
 
Thermal modelling numerical analysis techniques have the potential of providing 
highly accurate solutions. Any electrical machine geometry can be modelled utilising 
numerical analysis, at the expense of complicated thermal model setup and extensive 
computational times [14]. Numerical thermal modelling can be segmented into two 
separate methods: FEA and CFD. 
 
Finite Element Analysis 
 
FEA is a widely used thermal modelling method, utilised to accurately model heat 
transfer through conduction along and across electrical machine sections, as well as 
perform electromagnetic analysis [27]-[29]. Limiting FEA, with respect to CFD, is 
its incapability to take fluid flow into account, which means that convection heat 
flow must be modelled using specific boundary conditions (heat transfer coefficient 
input for solid / fluid boundaries) [11]. Similarly to analytical lumped parameter 
thermal modelling, limited or inaccurate geometric or material properties knowledge 
can result in misleading FEA solutions and, therefore, reliable input information is 
very important [14].  
 
The principle behind FEA is a system of partial differential equations [18] & [30]. 
Other than the work presented in Chapter 4, where FEA is utilised to predict 
synchronous generator iron loss lamination distributions and the related thermal 
effects, all other FEA considerations are out with the scope of this thesis. 
 
The high degree of heat transfer conduction detail associated with FEA is illustrated 
in Figure 2.3, where the non-trivial slot copper conductor temperature distribution is 
clearly displayed [31]. Unfortunately, long execution times are FEA’s greatest 
weakness, making it unsuitable to accomplish the project objectives established in 
Chapter 1. Furthermore, the inability to take cooling airflow into account greatly 
limits FEA as a universal stand alone thermal modelling tool and is, therefore, 
recommended exclusively for individual isolated thermal studies of machine 
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geometries too complex to model utilising lumped parameter thermal methods. In 




Figure 2.3:  FEA two-dimensional steady-state temperature rise in slot with 
rectangular copper conductors [31].  
 
Computational Fluid Dynamics 
 
CFD is a numerical technique for the simulation of fluid flow and heat transfer. 
Similarly to FEA, it works on the basis of solving a series of coupled, non-linear, 
second order, partial differential equations known as the conservation equations, 
which correspond to velocity, pressure and temperature. Differently to FEA, CFD 
can model both conduction and convection, being a more popular appropriate option 
and a realistic competition for analytical methods as a single stand alone thermal 
modelling tool. The CFD machine model is subsequently subdivided into small finite 
elements or volumes and boundary conditions are applied, allowing flow and 
electrical machine temperatures to be determined [32].  
 
There is a selection of CFD packages commercially available, although these are not 
trivial to use and require in-depth knowledge in order for representative machine 
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thermal models to be setup accurately [14]. Furthermore, the high computational 
requirements associated with CFD disregard it as a fast immediate feedback thermal 
modelling too. Typical CFD outputs, illustrating the highly detailed results, are 
pictured in Figure 2.4 for a totally enclosed fan cooled electrical machine. 
 
 
Figure 2.4:  TEFC synchronous generator CFD output example [20].  
Overall, CFD is an accurate technique, although as with the rest of thermal modelling 
techniques considered, special attention must be taken when implementing interface 
gaps, boundary conditions and different model types. Furthermore, turbulent flow is 
complicated to model with a high degree of accuracy. CFD’s great incentive is that 
designers gain an immense insight as to where the thermal design of the machine 
might be compromised. Nevertheless, this high degree of detail comes at the expense 
of very extensive problem definition, execution and post-processing times, 
particularly when trying to model the complete electrical machine. These excessive 
time constraints are a decisive disadvantage for CFD, making an alternative method 
to achieve the project objectives essential. Therefore, this opens the door for less 
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2.2.2  Analytical Lumped Parameter Thermal Modelling Method 
 
Analytical lumped parameter thermal modelling provides the very fast, user friendly, 
thermal design tool demanded in the project objectives and, hence, is identified and 
selected as the operational core of the thermal modelling tool to be developed. Short 
problem definition, execution and post-processing times are linked with lumped 
parameter thermal modelling, which are very attractive properties for a thermal 
modelling package. Since lumped parameter thermal modelling is based on a thermal 
arrangement very similar to an electrical layout, it is very easily comprehended. 
Lumped parameter thermal networks are made up of thermal resistances rather than 
electrical resistors, power sources instead of current sources, thermal capacitances in 
the place of electrical capacitors, nodal temperatures rather than voltages and power 
flow through resistances instead of current. The simplicity of the model helps the 
designer’s understanding, particularly those with an electrical engineering 
background, and encourages thermal optimisation of the electrical machine analysed. 
The resulting nodal thermal network lumps electrical machine sections together, 
subject to the discretisation level established, with temperatures for the nodal 
segments computed. Extensive work has been carried out in this area of study, 
although recently analytical thermal analysis specific to synchronous generators has 
not been tackled in detail [33]-[39]. 
 
The thermal resistances on the circuit represent one of three heat transfer paths in the 
machine: conduction, convection and radiation. These are calculated utilising widely 
used heat transfer correlations, easily available from many literature sources and 
higher academic textbooks. Information from these sources is utilised throughout this 
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Conduction Heat Transfer 
 
Conduction is the heat transfer mode in a solid due to temperature differences 
between different parts of a material. Conduction also occurs in liquids and gases, 
but convection is usually dominant in these cases. Heat transfer takes place from 
higher to lower temperature areas and is caused by the motion of molecules within 
the material. Good electrical conductors are also good thermal conductors.  
 
Fourier’s Law, in Equation 2.1, is behind conduction heat transfer, where QConduction 
is the rate of conduction heat transfer (W), k is the thermal conductivity of the 
material (W/m/°C), A is the cross-sectional heat transfer area (m2) and dT/dx is the 




AkQConduction ⋅⋅−=                 (2.1) 
 
Metals have a high thermal conductivity, due to their crystalline structure, with k 
being in the range of 15 to 400 W/m/°C. On the other hand, insulators do not have a 
structure that favours thermal exchange, since they are often porous in nature, with k 
in the range of 0.1 to 1 W/m/°C [11]. 
 
Lumped parameter thermal circuit representation: 
 
In lumped parameter thermal networks purely conductive thermal paths can be 
represented by the thermal resistance correlation illustrated in Equation 2.2, where 
RConduction is the thermal resistance (°C/W), l the length of the conductive path, k is 
the conduction thermal conductivity of the material (W/m/°C) and A is the cross-






=                  (2.2) 
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Convection Heat Transfer 
 
Heat is transferred by convection between a surface and a fluid. Energy exchange 
takes place between the surface and the fluid immediately adjacent to it. Fluid 
circulation, driven by the temperature gradient, takes place as a result of this and an 
automatic circulation system arises. There are two types of convection, natural 
convection, where fluid movements occur merely due to the change in density of the 
fluid itself, and forced convection, where fluid motion is caused, or enhanced, by an 
external force such as a fan. In practice, both of these mechanisms take place 
simultaneously and a mixed heat transfer coefficient of these two convection types 
occurs [46]. Within natural and forced convection two sub-divisions exist. Laminar 
flow, which is the streamline flow that exists at lower velocities and in the area 
bordering the high temperature surface, and turbulent flow [47], which describes the 
formation of eddies at higher speeds.  
 
Newton’s Law, shown in Equation 2.3, explains the mechanism behind convection 
heat transfer, where QConvection is the rate of convection heat transfer (W), hc is the 
convection heat transfer coefficient (W/m2/°C), A is the cross-sectional heat transfer 
area (m2) and (T1 - T2) is the temperature difference between surface and fluid (°C). 
 
)( 21 TTAhQ cConvection −⋅⋅=                (2.3) 
 
A challenging difficulty arises in predicting the value of the heat transfer coefficient, 
hc. It proves complicated to determine and can vary greatly depending on the 
convection type. The quantity of convection between a surface and fluid is affected 
by many issues. Factors like the shape and size of the solid-to-fluid boundary and the 
characteristics of fluid flow and fluid material have a key influence on the convection 
process. Convection is complex in nature and cannot be easily solved 
mathematically. An empirical technique of dimensional analysis, based on 
experimental data, is used instead. Many empirical dimensionless correlations exist 
in technical literature available to engineers, who can use these to analyse convection 
for particular geometric shapes [40], [41] & [48]. These correlations are used in a 
Electrical Machine Thermal Modelling 
 
 21 
process called dimensional analysis. The technique involves using a collection of 
dimensionless numbers to obtain a functional relationship for hc and the relevant 
physical properties and fluid parameters of the air flow present. The set of 
dimensionless numbers available to thermal design engineers are presented in Table 
2.1. The transition from laminar to turbulent flow is determined by Reynolds number 
(Re) in forced convection systems, while the product of Grashof’s number and 
Prandtl’s number (Gr.Pr) settles this shift in natural convection systems [46]. 
 
Dimensionless Number Applicability Formulation 
Reynolds number, Re Inertia force / Viscous force Re = vl /    (2.4) 
Grashof number, Gr Buoyancy force / Viscous force Gr = g2l3/2 (2.5) 
Prandtl number, Pr Momentum / Diffusivity for a fluid Pr = cp   / k (2.6) 
Nusselt number, Nu Convection / Conduction heat transfer Nu = h L / k (2.7) 
Table 2.1:  Dimensionless number formulations [46]. 
where  is fluid density (kg/m3), v is fluid velocity (m/s), l is the surface length (m), 
 is fluid dynamic viscosity (kg/s.m),  is the fluid coefficient of cubical expansion 
(litres/°C), g is the gravitational force of attraction (m/s2),  is the temperature 
difference between surface and fluid (°C), cp is the specific heat capacity of the fluid 
(kJ/kg/°C), k is the thermal conductivity of the fluid (W/m/°C) and h the heat transfer 
coefficient (W/m2/°C). 
 
The convection correlations for natural and forced heat transfers are illustrated in 
Equations 2.8 and 2.9 respectively, where a, b and c are constants [1]. 
 
Nu Natural    =    a (Gr.Pr) 
b                (2.8) 
 
Nu Forced    =    a . (Pr) 
c. (Re) b               (2.9) 
 
Lumped parameter thermal circuit representation: 
 
Within lumped parameter thermal modelling convection thermal resistances are 
represented by Equation 2.10 [49], where RConvection is the convection thermal 
resistance (°C/W), and hc the heat transfer coefficient (W/m
2/°C) and A is the cross-
Electrical Machine Thermal Modelling 
 
 22 
sectional heat transfer area (m2). Additionally, hc is obtained rearranging the Nusselt 
number correlation utilising Equation 2.11 [42], where NuD is the Nusselt number 
related to the specific hydraulic diameter, kair is air thermal conductivity (W/m/°C) 























Nuh                (2.11) 
 
Two literature formulations for NuD are extracted from relevant literature (Equations 
2.12 and 2.13) and utilised in the lumped parameter thermal modelling tool 
developed in this thesis. Equation 2.12 is a historically widely utilised correlation 
and Equation 2.13 a more modern formula, taking friction into account via friction 






































coeff                         (2.14) 
 
The equations presented in this section are utilised in Chapter 3, for the development 
of the lumped parameter thermal networks for the synchronous generator 
investigated and examples on their use are given. 
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Radiation Heat Transfer 
 
Radiation is the process by which energy is transferred through electromagnetic 
waves from a surface. This is owed to the fact that electrons on the surface of the 
radiating material vibrate due to a high amount of energy being stored in them. 
Therefore, the absolute temperature of the body will determine how much radiation 
takes place. 
 
The Stefan-Boltzmann’s correlation, given in Equation 2.15, defines radiation heat 
transfer, where QRadiation is the rate of radiation heat transfer (W),  is the Stefan-
Boltzmann constant (5.67x10-8 W/m2/°C4), A is the cross-sectional area (m2) and T 
the absolute temperature of the surface (K) [22]. 
 
4TAQRadiation ⋅⋅= σ               (2.15) 
 
Equation 2.15 describes energy emission via radiation from a surface. This surface 
will normally be absorbing radiation at the same time it radiates heat. Equation 2.16 
computes the resulting radiation exchange between two surfaces, A1 and A2. Where  
is the emissivity of the surface (  1), F1-2 the view factor of surface 2 with respect 
to surface 1 (F1-2  1) and T1 and T2 are the absolute temperatures of surfaces 1 and 2 






121 TTFAQRadiation −⋅⋅⋅⋅= −εσ             (2.16) 
 
Lumped parameter thermal circuit representation: 
 
For lumped parameter thermal modelling radiation thermal resistances are obtained 
using Equation 2.17, where RRadiation is the radiation thermal resistance (°C/W), and 
hR the heat transfer coefficient (W/m
2/°C) and A is the cross-sectional heat transfer 
area (m2). Furthermore, hR is computed by Equation 2.18, leading to the final 
Equation 2.19. Specific information on the parameters comprising the presented 
equations is widely given in basic engineering textbooks [14], [22] & [50]. 







































            (2.19) 
 
Lumped Parameter Network Airflow Network Issues 
 
The development of an electrical machine cooling airflow network is out with the 
scope of this thesis. Airflow information required to compute the convection thermal 
resistances heat transfer coefficients discussed in this chapter are provided by 
Cummins Generator Technologies, manufacturers of the synchronous generator 
investigation in this work. Extensive electrical machine airflow network work has 
been carried out to date [51]-[54] although, following the through ventilating airflow 
discoveries presented in this work (Chapter 8), additional detailed work is 
recommended. Details of this are given in the suggested further work section in 
Chapter 10. 
 
Similarly to the thermal network heat transfer components described in this chapter, 
a flow network can be developed based on turbulent airflow Equation 2.20, and 
resembles an electrical circuit, with pressure (P (Pa)) being equivalent to voltage, 
volume flow rate (Q (m3/s)) to current and flow resistance (R (kg/m7)) to electrical 
resistance [46]. 
 
2QRP ⋅=                 (2.20) 
 
Furthermore, within an airflow network, flow resistances (R) can be modelled using 
the relationship in Equation 2.21, where kf is a dimensionless fluid coefficient 
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depending on the specific nature of the airflow resistance (obstruction, expansion, 
contraction, etc.),  is density (kg/m3) and A is the cross-sectional heat transfer area 
(m2). Numerous formulations for kf are detailed in relevant literature [14], [55] & 
[56]. As stated, further airflow network related considerations are out with the scope 










                (2.21) 
 
An important flow related computation in the development of a lumped parameter 
thermal network is the heat flow picked up by the airflow as it travels along the axial 
length of the electrical machine, and the fluid temperature rise this causes. The air 
Heat Flow (W) is determined by Equation 2.22 [42], where R is the thermal 







=                (2.22) 
 
Hence, using standard fluid temperature rise (T ) Equation 2.23 [11], where cp is the 
specific heat capacity (J/kg/°C), results in the airflow heat pickup resistive 
correlation, shown in Equation 2.24. This resistive component is utilised as outlined 





















          (2.24) 
 
 





In order to enable transient lumped parameter thermal modelling, thermal 
capacitances need to be added to the thermal network at each nodal point with a 
power loss input. Such thermal capacitances are computed using Equation 2.25 [22] 
and satisfy thermal time constant Equation 2.26. These are applied to the lumped 
parameter thermal network in Chapter 3. 
 
pcVC ⋅⋅= ρ                (2.25) 
 
CR ⋅=τ                 (2.26) 
 
where C is the thermal capacitance (J/m3/°C),  is density (kg/m3), V is volume (m3), 
cp is the specific heat capacity (J/kg/°C), 	 is the thermal time constant (s) and R is 
the thermal resistance (°C/W). 
 
2.3  Synchronous Machine Power Losses 
 
Understanding the power losses associated with an electrical machine, their 
behaviour and distribution is of paramount importance when evaluating machine 
performance and thermal distribution. In this thesis, this refers to power losses 
related to a synchronous generator. Machine operational power losses create heating 
effects in the electrical machinery and vice versa. For a designer it is essential to be 
aware of loss heat paths and source points in order to develop an effective electrical 
machine thermal model. As discussed in this chapter, losses have important 
implications in the size, initial cost and longevity of the electric machine [60]. 
Factors such as operating temperature, rotational speed, voltage and frequency can 
influence losses and should therefore be carefully considered. The power losses to be 
considered when thermal modelling a synchronous generator are listed below and 
outlined in this section. The calculation and application of these losses to the 
synchronous machine lumped parameter thermal model is detailed in Chapter 3. 
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Main synchronous machine losses: 
 
• Copper losses. 
• Iron losses. 
• Mechanical losses: Friction and windage. 




Copper losses are straight forward to predict accurately, since they are calculated and 
quantified by measuring the rms currents flowing in the excitation and stator 
windings whilst under load, and calculating the product of square of this current and 
the resistance of the winding [60]. As shown in Chapter 3, these are winding lumped 




Iron losses in synchronous machines are complicated to estimate, since they have a 
high frequency and magnetic flux dependency [61]. Iron losses are composed of 
hysteresis losses and eddy-current losses. Hysteresis losses are a function of 
frequency and of the maximum flux density per pole, given that the air-gap flux is 
mainly sinusoidal. On the other hand, eddy-current losses depend on the squared 
magnitude of frequency and maximum flux density [61]-[63]. The analysis of iron 
losses is an important part of this thesis and is, therefore, discussed in detail in 
Chapter 4. Iron losses are input into the lamination nodes of the electrical machine 









Mechanical losses are dependent on motor speed and relate to friction in bearings 
and windage. It is acceptable to assume that both of these losses remain at a constant 
level for a given machine rotational speed, regardless of the load [60] & [64]. 
Windage losses are located in rotor blades and in the cooling fan, with the latter 
being more significant in term of heat generation, but both prove complicated to 
remove without affecting the manufacturing process excessively. Mechanical losses 
can be experimentally estimated as outlined in Section 4.2.1. Further details on 




In general, stray losses are quantified as the mismatch between calculated and 
measured loss values. In an alternator, stray losses can be sub-divided into various 
categories, for example, eddy current losses in the stator conductors due to slot 
leakage flux or end region losses due to end leakage flux and pole face losses. 
Furthermore, stray losses include the losses linked with the damper bars present 
across the rotor laminations. Mainly, stray losses comprise of variations of known 
iron losses. They are considered to be any losses caused by non-sinusoidal, non-
fundamental flux density variations [60] & [65]. 
 
A considerable amount of literature exists illustrating the difficult and ambiguous 
nature of stray losses [66]-[71]. In the synchronous generator lumped parameter 
thermal model developed in Chapter 3, stray losses are predicted utilising an 
estimation formula provided by the electrical machine manufacturer. Further stray 
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2.4  Chapter Summary 
 
Traditional and modern electrical machine thermal modelling techniques are 
presented and discussed in this chapter. Advantages and disadvantages of current 
thermal modelling methods are stated. In order to realise the objectives established in 
Chapter 1, analytical lumped parameter thermal modelling is selected as an ideal tool 
to construct the required precise, universal, user friendly, quick feedback, thermal 
modelling tool. The principles behind lumped parameter thermal modelling are 
covered, including the relevant thermal resistances, thermal capacitances and 
machine power losses. These modelling principles are subsequently expanded, 
explained in further detail and utilised to develop the synchronous generator thermal 
models in Chapter 3. 






Lumped Parameter Thermal Modelling  
 
3.1  Introduction to Lumped Parameter Thermal Modelling 
 
Utilising the thermal modelling principles presented in Chapter 2 and carefully 
weighing the advantages and disadvantages of each one of the electrical machine 
thermal modelling techniques outlined, lumped parameter models are identified as 
the ideal method for developing the operational core of the specific thermal 
modelling tool required, as reasoned in Chapter 2. The flexible nature of lumped 
parameter thermal modelling and, particularly, its fast computation time makes this 
method ideal to accommodate the thermal modelling additions covered in this thesis 
and generate a fast user friendly thermal modelling package. 
 
In this chapter the rotor and stator lumped parameter thermal models are developed. 
The general process by which the rotor and stator geometries are translated into the 
relevant thermal networks is presented. Furthermore, the specific electrical machine 
analysed, the BCI184E Cummins Generator Technologies (CGT) synchronous 
generator specially modified prototype, is introduced. The specific thermal networks 
for this alternator are calculated in this chapter, but the principles outlined and the 
thermal network structures constructed are applicable to any electrical machine, once 
any minor modifications related to specific machine characteristics are accounted for. 
Finally, the important machine operational losses related to the synchronous 
generator, airflow issues and transient analysis network additions are discussed and 
their lumped parameter thermal mode implications stated.  
 
It is important to note at this stage that the rotor and stator thermal resistances in the 
radial direction take into account the insulation present around individual copper 
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strands. For this reason, the thermal conductivity of the winding in the radial 
direction is greatly reduced. When modelling conduction thermal resistances in the 
preferential axial direction, standard copper thermal conductivities are utilised, since 
the mentioned copper conductor insulations have no effect. Similarly, when 
modelling lamination sections, the laminated nature of these affects thermal 
conduction in the axial direction, whilst it has no effect in the preferential radial 
direction. This has been taken into account in the thermal modelling performed. 
 
As shown by the sensitivity analysis results presented in Table 3.1, slight variations 
(± 10 %) in the thermal conductivities utilised in the lumped parameter thermal 
modelling described, have a relatively small effect on the overall average rotor and 
stator temperatures predicted. 
 
 Average Temperature (°C) 
Parameter  Parameter 
Rotor  Stator 
+ 10 % - 0.79 - Rotor coil radial thermal 
conductivity  - 10 % + 0.94 - 
+ 10 % - 0.01 - Rotor coil axial thermal 
conductivity - 10 % + 0.02 - 
+ 10 % - 0.21 - Rotor lamination radial thermal 
conductivity - 10 % + 0.24 - 
+ 10 % - 0.02 - Rotor lamination axial thermal 
conductivity - 10 % + 0.02 - 
+ 10 % - - 1.36 Stator coil radial thermal 
conductivity - 10 % - + 1.68 
+ 10 % - - 0.01 Stator coil axial thermal 
conductivity - 10 % - + 0.01 
+ 10 % - - 0.39 Stator lamination radial thermal 
conductivity - 10 % - + 0.46 
+ 10 % - - 0.02 Stator lamination axial thermal 
conductivity - 10 % - + 0.02 
+ 10 % - 0.10 - 0.25 Rotor and stator winding insulation 
thermal conductivity - 10 % + 0.11 + 0.31 
+ 10 % - 0.04 - 0.07 Rotor and stator lamination resin 
thermal conductivity - 10 % + 0.06 + 0.09 
Table 3.1:  Rotor and stator thermal conductivity sensitivity analysis results. 
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3.2  Cummins Generator Technologies BCI184E 
Synchronous Generator Prototype 
 
The electrical machine utilised in the study is a specially modified 22.5 kVA CGT 
BCI184E, 50 Hz, 415 V, synchronous generator prototype, similar to the 
commercialised standard BCI184E electrical machine shown in Figure 3.1. The 
BCI184E generator is used in a wide range of low power application, due to its easy 
installation and maintenance, and typical uses of the alternator include combined 
heat and power supply, telecommunications, marine and offshore applications and as 
a standby power supply. The alternator is a standard 4-pole, self-excited (sustained 
short circuit capability), AVR (CGT, SX460 AVR) controlled electrical machine, 
which can be supplied with one or two sealed bearings. Machine windings are class 
‘H’ insulated; with the armature wound to 2/3 pitch. Relevant electrical machine data 
sheets can be found in Appendix A [72].  
 
 
Figure 3.1:  Cummins Generator Technologies BCI184E synchronous generator.  
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Lumped parameter thermal model implications for the BCI184E generator are 
discussed in Sections 3.3 and 3.4 for the rotor and stator respectively, with airflow 
implications presented in Section 3.6, thermal network machine losses discussed in 
Section 3.7 and the required transient analysis thermal network modifications 
outlined in Section 3.8. In addition, all aspects that affect the estimation of iron 
losses using finite element analysis, such as the stator winding pitch factor, are 
covered in Chapter 4.   
 
3.3  Rotor Thermal Modelling 
 
In order to create the rotor lumped parameter thermal network, the necessary 
electrical machine component information needs to be collected. Figure 3.2 indicates 
the electrical machine geometries that need to be obtained from detailed machine 
drawings or generator manufactures. Figure 3.2 is not to scale and the dimensions 
and shapes of rotor laminations and windings can vary significantly between 
electrical machines modelled. The geometric dimensions labelled illustrated over the 
rotor cross-section diagram are detailed in the table in Figure 3.2, with coil insulation 
and resin coat thicknesses also encapsulated. These values are also important to 
model the heat exchange between insulated rotor segments and from coated rotor 






























Rotor section Section label Rotor section Section label 
Coil width x Pole shoe middle height w 
Coil height y Inner lamination width z 
Pole middle width p Coil insulation thickness tins 
Pole shoe extension s Resin coat thickness tres 
Pole shoe side height u Axial depth of model d 
Figure 3.2:  Rotor lamination and winding prototype parameters.  
The geometric data presented in Figure 3.2 can be translated into the required two-
dimensional lumped parameter thermal resistance network. This network, 
superimposed on the rotor layout, is shown in Figure 3.3, with the rotor lamination 
and windings represented by a simple, easily understood, network of thermal 
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resistors. As indicated by the figure key, the internal network resistances, not in 
contact with the surrounding airflow (Ø), represent fully conductive heat transfer 
paths, whilst the resistances on the network edges, coloured in blue, correspond to 
the convection heat paths away from the rotor. The calculation of these resistances, 










































Figure 3.3:  Rotor lumped parameter thermal resistance network.  
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In addition to the geometric data outlined in Figure 3.2, material conductivity 
(W/m/°C) for thermal conduction, and heat transfer coefficient values (W/m2/°C) for 
thermal convection, are required in order to obtain the resistance values needed to 
generate the rotor lumped parameter thermal network presented in Figure 3.3. This 
data should be collected from machine manufacturers, material suppliers or 
experimentally, where possible. Detailed air flow analysis is out with the scope of 
this thesis and heat transfer coefficients are calculated using the well established 
equations presented in Chapter 2 and utilised in this chapter, in Section 3.6. 
 
3.3.1  Rotor Lumped Parameter Network Calculations 
 
Examples for the calculation for each type of thermal resistance illustrated in Figure 
3.3 are presented in this section, along with the formulas required and the resulting 
resistances for the CGT machine prototype, which are collected at the end of each 
section and later used by the MySolver modelling tool to obtain the thermal results 
presented and analysed in Chapters 8 and 9. 
 
Rotor Conduction Lumped Parameter Resistance 
 
Using Equation 3.1, from Chapter 2, and the relevant geometric and thermal data, the 
values of the conductive resistances in the thermal network in Figure 3.3 are 
calculated and shown in Table 3.2. It should be noted that, as explained in Section 
3.5, the core length of the electrical machine should be split into three equal axial 
sections, which are each modelled by individual rotor networks, such as the one 
shown in Figure 3.3, and connected together as outlined in Section 3.5. This 
corresponds to parameter d in Figure 3.2. The core length of the generator prototype 





R Conduction =                  (3.1) 
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where R Conduction is the conductive thermal resistance (°C/W), l (m) represents the 
length of the conductive thermal path, A (m2) the area through which the heat flows 
in the particular geometry being modelled and k the thermal conductivity of the 
material (W/m/°C). 
 
The calculation to obtain the R 1,6, rotor winding to lamination thermal conduction 
resistance, shown in Figure 3.3, is outlined. 
 
R 1,6 fully conductive thermal resistance calculation: 
 
Using Equation 3.1, the thermal resistance of the fully conductive R 1,6 path in Figure 
3.3 is determined. R 1,6 is divided into two separate thermal resistances, R 1 and R 2, 
corresponding to the winding and lamination segments, plus an additional resistive 
segment, R 3, accounting for the winding insulation, as shown in Figure 3.4.  
 
 
Figure 3.4:  R 1,6 rotor winding to lamination conduction resistance path. 
The calculation of the three individual resistances to yield R 1,6 is as follows: 
 







































where y, u, tins, x and d correspond to the geometrical dimensions presented in Figure 
3.2 and kcoil, klam and kins are rotor coil, lamination and insulation thermal 
conductivities respectively and are 3.745 W/m/°C, 43 W/m/°C and 0.3 W/m/°C, 
collected from the electrical machine manufacturer. Thermal resistance kcoil, in the 
radial direction, is greatly reduced by insulation around the individual copper strands. 

































This example shows how a thermal conductive resistance going from the rotor 
winding, through the winding insulation, to the rotor lamination is determined. All 
other similar conduction thermal network resistances are calculated in this manner 
and the principles can be applied to other electrical machine parts and machine types. 
 
The calculation outlined in Section 3.4, for a stator lamination internal fully 
conductive resistance, shows that the uniformity of the material through which the 
heat is transferred simplifies the calculation due to the absence of insulation/resin. 
Even so, the same approach should be taken to model any conductive heat transfer 
path across any material type and machine section.  
 
The remaining purely conductive thermal resistances in the rotor thermal network are 
calculated in the same way. Table 3.2 shows the calculated values of the thermal 
resistances and the formulas used for the CGT alternator. The highest thermal 
resistances are exhibited by the thermal paths across the poorly thermally conducting 
rotor winding coil and insulation. 















































































































































































































































































































Table 3.2:  Rotor conduction lumped parameter resistance values. 
 
Rotor Convection Lumped Parameter Resistance 
 
The thermal convection heat transfer Equation 3.2, presented in Chapter 2, is 
required to compute the magnitude of the convection thermal resistances across the 
thermal network edges, shown in Figure 3.3. These electrical machine sections are in 
contact with the passing cooling airflow and convection thermal resistances are 
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required to represent the thermal heat transfer. Additionally, since part of the heat 
transfer path for these thermal resistances occurs fully within the rotor lamination, 
the conduction thermal resistance formulation (Equation 3.1), previously used to 
calculate thermal resistance R 1,6 is required. The process by which these thermal 
resistances are calculated is outlined in this section and the calculated values for the 







=                  (3.2) 
 
where R Convection is the convective thermal resistance (°C/W), hc the convection heat 
transfer coefficient (W/m2/°C) and A the convective heat exchange area (m2). 
 
As an example, the calculation to obtain the R Ø,6 (Side), rotor lamination to airflow, 
thermal convection resistance, shown in Figure 3.3, is presented. 
 
R Ø,6 (Side) convection thermal resistance calculation: 
 
In order to account for the two heat transfer mechanisms that take place along the 
mentioned thermal path, resistance R Ø,6 (Side) is divided into two independent thermal 
resistances, R 1 and R 2, corresponding to the rotor lamination conduction and 
convection to airflow segments respectively, as shown in Figure 3.5, plus an 
additional resistive sector, R 3, representing the lamination resin resistance.  
 
 
Figure 3.5:  R Ø,6 (Side) rotor lamination to airflow convection resistance path. 
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where x, s, tres, u and d relate to the geometries illustrated in Figure 3.2. klam and kres 
are rotor lamination and resin insulation thermal conductivities, which are 43 
W/m/°C and 0.22 W/m/°C respectively. hc is the heat transfer coefficient linked with 
the airflow area adjacent to node 6 in Figure 3.3 (Section 3.3) and has a value of 
70.95 W/m2/°C.  
 
Heat transfer coefficients are calculated as shown in Section 3.6, using the well 
established correlations presented and data provided by Cummins Generator 




























As with the method utilised to calculate the fully resistive thermal network 
component, R 1,6, the calculations outlined for the heat convected away from the rotor 
lamination can also be adapted and applied to all other similar machine areas. 
 
Convective lumped parameter thermal resistances for the synchronous machine 
investigated are presented in Table 3.3, along with the resistive formulas used. Due 
to the symmetrical nature of the rotor, some resistances, such as R 0,1 (Side) and R 0,3 
(Side), are equal and, hence, collected together in the same row. From the results it can 
be seen that the areas near to the top of the rotor pole have a lower thermal 
resistance, due to the higher heat transfer coefficient values, indicating enhanced 
cooling, faster flowing air, around those areas of the rotor. 
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Table 3.3:  Rotor convective lumped parameter resistance values for first radial 
plane. 
 
3.4  Stator Thermal Modelling  
 
Similarly to the development process of the rotor thermal model covered in the 
previous section, the required electrical machine geometric and thermal related 
information needed for the stator thermal model needs to be collected from the 
machine manufacturer or material supplier. The main stator parameters required to 
generate the thermal model are shown in Figure 3.6 (not drawn to scale).  
 




Rotor section Label Rotor section Label 
Slot width x Barrel gap g 
Lower coil height y1 
Barrel to landbar contact 
width 
w 
Upper coil height y2 Lamination height u 
Internal perimeter per slot pi Stator resin coating tres 
Middle perimeter per slot pmid Contact bars to barrel resin tbar 
Outer perimeter per slot po Stator insulation thickness tins 
Barrel mean perimeter pb Axial depth of model d 
Barrel thickness tb   
Figure 3.6:  Stator lamination and winding prototype parameters.  
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The parameters outlined in Figure 3.6 are used to generate the stator two-dimensional 
lumped parameter thermal resistance network, displayed over the stator outline in 
Figure 3.7. As shown, the network is made up of conduction, convection and 






























Figure 3.7:  Stator lumped parameter thermal resistance network. 
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As well as the geometric parameters presented in Figure 3.6, thermal conductivity 
(W/m/°C) and heat transfer coefficient values (W/m2/°C) are also required. 
Furthermore, the radiation thermal resistance information needs to be obtained and 
utilised as shown in next section for the calculation of R Ø,5 RAD. 
 
3.4.1  Stator Lumped Parameter Network Calculations 
 
The calculations to create the stator thermal network in Figure 3.7, with examples 
given for the three different types of thermal resistances are outlined in this section 
and the numerical data for the generator prototype analysed in the experimental stage 
is presented. 
 
Stator Conduction Lumped Parameter Resistance 
 
Thermal conduction resistances for the stator thermal network are calculated using 
the same method as outlined for the rotor thermal network in Section 3.3 and in 




R Conduction =                  (3.1) 
 
As an example, R 3,4, within the stator lamination, and R 1,3, stator winding to 
lamination are calculated. 
 
R 3,4 fully conductive thermal resistance calculation: 
 
The thermal resistance of the fully conductive path R 3,4 from Figure 3.8 is calculated 
using Equation 3.1. The paths being analysed are divided into two separate thermal 
resistances, R 1 and R 2. There is a lack of a third resistive segment, R 3, since there is 
no insulation or resin along the heat transfer path.  
 



































The calculations to obtain R 3,4 are presented, where u, pmid and d represent the 
geometrical dimensions shown in Figure 3.6. klam is stator lamination thermal 
conductivity, which has a value of 43 W/m/°C provided by the generator 



























This example illustrates the thermal fully conductive resistance that exists within the 
stator lamination. The uniformity of the material through which the heat is 
transferred, and the lack of any insulation and/or resin, simplifies the calculation and, 
as shown in Table 3.4, results in the lowest fully conductive thermal resistance in the 
stator thermal network. Conduction thermal network resistances within the same 
machine material are calculated in this manner for any machine part. 
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R 1,3 fully conductive thermal resistance calculation: 
 
In a similar way to the calculation of the R 3,4, R 1,3 can be modelled as shown in 
Figure 3.9.  
 
 
Figure 3.9:  R 1,3 stator winding to lamination conduction resistance path. 
Compared to R 3,4, resistance R 1,3 does include the lower thermally conducting 
winding insulation, which needs to be accounted for. Hence, the resistance formula 
presented for R 1,3 includes a third resistive component, R 3, which accounts for the 









































where x, pi, y1 and d are the geometrical dimensions illustrated in Figure 3.6. kcoil, 
klam and kins are stator coil, lamination and insulation thermal conductivities 
respectively and, as stated by the generator supplier, have values of 0.832 W/m/°C, 
43 W/m/°C and 0.3 W/m/°C. Thermal resistance kcoil, in the radial direction, is 
greatly reduced by insulation around the individual copper strands. 
 
Substituting the information given into the presented equation results in: 
 


































The calculations outlined can be applied to other similar thermal resistance heat 
transfer paths, making the necessary adjustments to account for the geometric and 
thermal properties of the material along the thermal path.  
 
Table 3.4 shows all the thermal resistances for the stator. The lowest stator fully 
conductive thermal resistance corresponds to R 3,4. As shown in the calculations 
presented in this chapter, this is due to the fact that heat travels only along the stator 
lamination, which has a high thermal conductivity, without the presence of any poor 


























































































































































































































Table 3.4:  Stator conductive lumped parameter resistance values for first radial 
 plane. 
Lumped Parameter Thermal Modelling   
 
 49 
Stator Convection Lumped Parameter Resistance 
 
Similarly to the rotor convective resistance calculations in Section 3.3, Equation 3.2 
is used to compute the stator thermal model convection thermal resistances. As with 
the rotor resistances, there is a fraction of the resistance which is obtained with the 







=                  (3.2) 
 
where R Convection is the convective thermal resistance (°C/W), hc the convection heat 
transfer coefficient (W/m2/°C) and A the convective heat exchange area (m2). 
 
To illustrate this, the calculations of the stator lamination to airflow thermal 
convection resistances R Ø,1 and R Ø,5, shown in Figures 3.10 and 3.11 respectively, 
are presented in this section. 
 
R Ø,1 convection thermal resistance calculation: 
 
Stator network thermal resistance, R Ø,1, can be calculated using Equations 3.1 and 
3.2. Since two heat transfer mechanism need to be considered and accounted for, the 
resistive path is segmented into two separate thermal resistances, R 1 and R 2, 
representing the stator lamination conduction and convection to airflow respectively, 
as illustrated in Figure 3.10. An extra resistive part, R 3, representing the lamination 
polyethylene insulation resistance is the third component of the overall thermal 
resistance R Ø,1.  
 




Figure 3.10: R Ø,1 stator winding to airflow thermal resistance path. 




























where y1, tins, x and d represent the geometries illustrated in Figure 3.6 (Section 3.4). 
kcoil and kins are stator coil and insulation thermal conductivities, which are 0.832 
W/m/°C  and 0.3 W/m/°C  respectively. hc is the heat transfer coefficient linked with 
the airflow area adjacent to stator node 1 in Figure 3.7 (Section 3.4) and has a value 
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R Ø,5 convection thermal resistance calculation: 
 























where tb, pb and d are the geometries shown in Figure 3.11. kbar is the stator barrel 
thermal conductivity, 40 W/m/°C, and hc is the heat transfer coefficient linked with 
the airflow around the machine barrel stator thermal network node 5 in Figure 3.11, 
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Stator lumped parameter convective resistances for the BCI184E CGT synchronous 


























































































































































Table 3.5:  Stator convective lumped parameter resistance values for first radial 
plane. 
 
Stator Radiation Lumped Parameter Resistance 
 
As well as through conduction and convection heat transfer mechanisms, heat is also 
transferred away from the stator via radiation from the frame barrel. The concepts 
behind this heat transfer mechanism are introduced in Chapter 2, using Equations 3.3 
and 3.4, which are utilised in this section. The radiation thermal resistance shown in 
Figure 3.7 can be calculated for the CGT synchronous machine prototype. Equations 







=                  (3.3) 
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where R Radiation is the radiation thermal resistance (°C/W), h R the radiation heat 















               (3.4) 
 
where  is Stefan-Boltzmann constant (5.6704x10-8 W/m2/K4), 1 the emissivity of 
the radiating surface, F1-2 the view factor of surface 2 with respect to surface 1, T1 the 
absolute temperature of surface 1 (K) and T2 the absolute temperature of surface 2. 
 
Substituting Equation 3.4 into Equation 3.3, the radiation thermal resistance R Ø,5 RAD, 











              (3.5) 
 
R Ø,5 RAD radiation thermal resistance calculation: 
 
Radiation thermal resistance R Ø,5 RAD, shown in Figure 3.12 is calculated for the CGT 
generator prototype using Equation 3.5, where the radiating surface portion area is 
0.001326 m2, emissivity is 0.8, view factor is 0.8, the machine’s barrel radiating 












R RAD  
 










Figure 3.12: R Ø,5 frame barrel to airflow thermal radiation resistance path. 
The method outlined for the determination of a radiating thermal resistance can be 
applied to all external radiating machine surfaces in the same way. 
 
3.5  Thermal Model Axial Length, Endwinding and Airflow 
Connections 
 
In order to improve the synchronous machine rotor and stator lumped parameter 
thermal models presented in Sections 3.3 and 3.4, additional machine network planes 
are required to account for the range of axial lengths and for the two endwindings. 
To achieve this, connections in the axial direction between the different planes are 
made as shown in Figure 3.13. These modifications transform the initial two-
dimensional nature of the models presented, into multi-plane three-dimensional 
thermal models. Planes A, B and C, such as the ones presented in Figure 3.3 for the 
rotor and Figure 3.7 for the stator, are used to build the multi-plane model. 
Furthermore, planes D and E are added in order to account for the non-drive-end and 
drive-end endwinding generator sections.  
 




























Figure 3.13: Multi-plane lumped parameter rotor and stator thermal models. 
The multiple model planes are linked by adding inter-plane thermal resistance 
connections for the seven rotor network nodes, the six stator network nodes and for 
the airflow paths. In addition, connections from the outer core length planes to the 
corresponding endwindings are inserted. Finally, the thermal resistive airflow paths 
along the axial length of the rotor and stator are included in the thermal models, 
shown in blue in Figure 3.13. The connections made in the rotor and stator thermal 
models are outlined in the following sections. 
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3.5.1  Rotor Thermal Model Axial Length, Endwinding and Airflow 
Connections 
 
The required inter-plane, endwinding and airflow rotor thermal resistances are 
illustrated in Figure 3.14, where the two-dimensional axial slice of the synchronous 
generator complete thermal model is shown. For simplicity and diagram clarity, rotor 
thermal nodes 2, 4 and 6 for the rotor lamination and node 3 for the rotor coil, 
presented in Figure 3.3 are omitted from Figure 3.14 and their inter-plane links are 
not shown. Rotor thermal nodes 2, 4 and 6 for the rotor lamination are connected in a 
similar way as nodes 5 and 7, which are shown in Figure 3.14. Node 3 for the rotor 
coil is connected in the same way as node 1. All endwinding thermal resistance 
connections are presented later in Figure 3.15. Note that, for example, thermal 
resistance R a1b1 in Figure 3.14 links rotor thermal network node 1 in Plane A, with 
node 1 in Plane B. 
 
With regards to the thermal resistances comprising the rotor networks in Planes B 
and C, no modifications are applied to the fully resistive components shown in 
Figure 3.14 and presented in Section 3.3, which are calculated in the same way and 
have the same °C/W values. However, the convective thermal resistance, which are 
calculated as outlined in Section 3.3.1, have their heat transfer coefficients to the 
surrounding cooling airflow reduced by a factor of 0.9, which accounts for the 
reducing effectiveness of the airflow as it moves away from the cool inlet towards 
the hotter drive-end of the machine. The choice of this factor requires further work, 
as explained in the airflow considerations covered in Section 3.6. As a result of this 
addition, convective resistances increase in magnitude, due to the reduction in heat 
transfer coefficient, going from the non-drive-end of the machine to the drive-end of 
the synchronous machine modelled. For example, the value of convective thermal 
resistance R 0,5, presented in Table 3.3, goes from being 4.92 °C/W in Plane A, to 
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Rotor model inter-plane thermal conduction and endwinding thermal convection 
resistances, shown in black in Figure 3.14, are computed using the principles and 
examples presented in Sections 3.3 and 3.4. Tables 3.6 and 3.7 list and describe the 
thermal resistances required to complete the rotor thermal network.  
 
Rotor Planes A & B * inter-plane links: 
Thermal Resistance Resistance Type: Description 
R a1b1 Conduction: Between lamination nodes 1 of planes A and B 
R a2b2 Conduction: Between lamination nodes 2 of planes A and B 
R a3b3 Conduction: Between lamination nodes 3 of planes A and B 
R a4b4 Conduction: Between lamination nodes 4 of planes A and B 
R a5b5 Conduction: Between lamination nodes 5 of planes A and B 
R a6b6 Conduction: Between lamination nodes 6 of planes A and B 
R a7b7 Conduction: Between lamination nodes 7 of planes A and B 
* same inter-planes links between rotor Planes B & C are required. 
Table 3.6:  Rotor inter-plane thermal resistances.  
Rotor Plane D+ endwinding and A & D + inter-plane connections: 
Thermal Resistance Resistance Type: Description 
R d1d0 Convection: Rotor endwinding node 1 to surrounding airflow 
R a1d1 Conduction: Plane A rotor coil node 1 to endwinding node 1 
R a2d0 Convection: Plane A lamination node 2 to adjacent airflow 
R a3d1 Conduction: Plane A rotor coil node 3 to endwinding node 1 
R a4d0 Convection: Plane A lamination node 4 to adjacent airflow 
R a5d0 Convection: Plane A lamination node 5 to adjacent airflow 
R a6d0 Convection: Plane A lamination node 6 to adjacent airflow 
R a7d0 Convection: Plane A lamination node 7 to adjacent airflow 
+ same inter-planes links for rotor Plane E and between Planes C & E are required. 
Table 3.7:  Rotor endwinding thermal resistances.  
It should be noted that the rotor coil winding slot fill factor, typically 0.4 for CGT 
synchronous machines, is accounted for in the inter-plane conductive resistances. All 
the conduction areas (m2) for the thermal resistances presented in Table 3.6 are 
multiplied by the slot fill factor, reducing the effective volume allowed for heat 
transfer along the windings axial direction, resulting in increased thermal resistances. 
 
Thermal resistances presented in Table 3.7 are illustrated in Figure 3.15, showing the 
A and D plane rotor thermal model connections for the non-drive-end of the 
generator. Shown are the two fully conductive resistances connecting nodes 1 and 3 
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in Plane A with the endwinding node 1 in Plane D, and five of the six convective 
resistances from the lamination and the rotor coil to the surrounding airflow. The 
missing convective resistance in Figure 3.15, R a2d0, is hidden behind the rotor 
endwinding turn and is therefore not shown. The same conductive/convective 
thermal resistance layout is created for the drive-end of the generator thermal model 
section, between Planes C and E. 
 
Figure 3.15: Rotor thermal model endwinding thermal resistance connections. 
The remaining thermal resistances in Figure 3.14 correspond to the airflow path 
along the axial length of the rotor. Utilising Equation 3.6, introduced in Chapter 2, 
these thermal resistances are calculated and added to the rotor thermal network. In 
the simulations executed by MySolver, presented in Chapter 6, node Air_in in Figure 
3.14 is set to 0 °C to calculate the temperature rise at the lumped parameter thermal 
network nodes. An alternative is to set node Air_in to the ambient temperature, in 
order to compute absolute temperature predictions. 







=∆               (3.6) 
 
where T is the temperature difference (°C) and cp is specific heat capacity (J/kg/°C). 
The Power Dissipated is measured in W, airflow Volume Flow Rate in m3/s and 
Density in kg/m3. From Equation 3.6, the airflow heat flux thermal resistance results, 









             (3.7) 
 
In Equation 3.7, used to calculate the thermal resistance along the axial length of the 
blue airflow path shown in Figure 3.14, dimensionless factor X determines the ratio 
of heat flow along the horizontal resistance in the axial direction, to the vertical 
resistance along the radial direction. As with other airflow related parameters and 
MySolver thermal modelling aspects, magnitudes for this X coefficient are estimated 
and, it is important to emphasise that future airflow analysis work should provide 
more accurate values. The rotor thermal network uses the X values presented in 
Figure 3.16, where a near-linear relationship is assumed. The X values illustrated in 
Figure 3.16 are rough estimates, guided by the experimentally obtained rotor winding 
temperature distribution along the axial core length of the generator, presented in 
Chapter 8. They are based on how machine component temperatures fall along the 
axial length of the electrical machine, from the non-drive-end to the drive-end. Such 
X values have proven to give good results when utilised by MySolver, as shown later 



















R In_d0 5.0 
R d0a0 2.9 
R a0b0 2.1 
R b0c0 1.3 














Figure 3.16: Rotor thermal model X values for airflow thermal resistances. 
Essentially, the objective of factor X is to represent the decreasing effectiveness of 
the airflow cooling the rotor along the axial length of the generator, going from the 
airflow inlet to the outlet. As a consequence of this, the thermal resistance calculated 
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3.5.2  Stator Thermal Model Axial Length, Endwinding and Airflow 
Connections 
 
In this section the necessary stator inter-plane axial length, endwinding and airflow 
thermal resistances, such as those presented for the rotor in the previous section, are 
outlined. The required additional thermal resistance connections are shown in Figure 
3.17, transforming the single stator plane thermal network to a three-dimensional 
model representing the complete stator of the synchronous machine. As was the case 
with some rotor nodes in the rotor thermal model axial view in Figure 3.14, stator 
nodes 2 and 3 are excluded from Figure 3.17 to preserve the clarity of the diagram. 
Additional connections from stator node 2 can be treated in the same way as node 1, 
which is illustrated in Figure 3.17, and resistances along the path of node 3 are 
calculated like those for node 4, also in the stator lamination.  
 
As with the rotor, the thermal resistances making up the stator thermal networks of 
Planes B and C see no differences with regards to Plane A.  Hence, fully resistive 
components for Planes B and C are calculated in the same way and have the same 
°C/W values as those presented in Section 3.4 for Plane A. Similarly to the rotor, the 
convective resistances are modelled for each plane and, going towards the drive-end, 
heat transfer coefficients linked with the cooling airflow are reduced by a factor of 
0.9. The stator typical coil winding slot fill factor of 0.4 is assumed and applied to 


























































































Lumped Parameter Thermal Modelling   
 
 64 
Stator model inter-plane thermal conduction and endwinding thermal convection 
resistances, shown in black in Figure 3.17, are obtained using the techniques outlined 
in Sections 3.3 and 3.4. These thermal resistances are listed in Tables 3.8 and 3.9.  
 
Stator Planes A & B * inter-plane links: 
Thermal Resistance Resistance Type: Description 
R a1b1 Conduction: Between lamination nodes 1 of planes A and B 
R a2b2 Conduction: Between lamination nodes 2 of planes A and B 
R a3b3 Conduction: Between lamination nodes 3 of planes A and B 
R a4b4 Conduction: Between lamination nodes 4 of planes A and B 
R a5b5 Conduction: Between lamination nodes 5 of planes A and B 
* same inter-planes links between stator Planes B & C are required. 
Table 3.8:  Stator  inter-plane thermal resistances.  
Stator Plane D+ endwinding and A & D + inter-plane connections: 
Thermal Resistance Resistance Type: Description 
R d1d6 Convection: Stator endwinding node 1 to surrounding airflow 
R d5d6 Convection: Stator barrel node 5 to surrounding airflow 
R a1d1 Conduction: Plane A stator coil node 1 to endwinding node 1 
R a2d1 Conduction: Plane A stator coil node 2 to endwinding node 1 
R a3d6 Convection: Plane A lamination node 3 to adjacent airflow 
R a4d6 Convection: Plane A lamination node 4 to adjacent airflow 
R a5d5 Conduction: Plane A barrel node 5 to Plane D barrel node 5 
R d5_AMB Convection: Plane D barrel node 5 to ambient 
R d5_RAD Radiation: Plane D barrel node 5 to ambient 
+ same inter-planes links for stator Plane E and between Planes C & E are required. 
Table 3.9:  Stator endwinding thermal resistances.  
Table 3.9 presents the thermal resistances necessary to represent the stator non-drive-
end and drive-end endwinding sections. These are illustrated in the two-dimensional 
endwinding radial view from the non-drive-end of the electrical machine thermal 
model in Figure 3.18, with the exception of R a5d5, linking frame barrel nodes 5 
between Planes A and D. The two fully conductive resistances connecting nodes 1 
and 2 in Plane A with endwinding node 1 in Plane D, and the four convective 
resistances from the lamination and the stator coil to the surrounding airflow are 
shown. Conductive and convective thermal resistances for the drive-end side of the 
stator thermal model are constructed and calculated in the same way. 
 




Figure 3.18: Stator thermal model endwinding thermal resistance connections. 
The remaining thermal resistances in Figure 3.17 correspond to airflow paths along 
the axial length of the stator, along the barrel-frame gap and along the airgap of the 
machine. These thermal resistances are calculated using the same principles 






=∆               (3.6) 
 
where T is the temperature difference (°C) and cp is specific heat capacity (J/kg/°C). 
The power dissipated is measured in W, airflow volume flow rate in m3/s and density 
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in kg/m3. From Equation 3.6, the airflow heat flux thermal resistance results, shown 









             (3.7) 
 
where dimensionless parameter X, determines the ratio of heat flow along the 
horizontal resistance in the axial direction, to the vertical resistance along the radial 
direction, is established and used as shown in the previous section for the rotor. As 
explained previously in Section 3.5.1, this airflow area requires further work in order 
to achieve an in depth understanding and accurate values for factor X.  
 
Estimated X values for the two resistive airflow paths presented in Figure 3.17 (in 
blue) are shown in Figure 3.19. Slightly different X values for the stator barrel-frame 
gap airflow path are selected in an attempt to account for the slightly less effective 
cooling experienced along the barrel-frame stator airflow gap, in particular for the 
very first machine barrel stator segment which does not experience the full impact of 
the airflow, due to its location high up close to the machine frame. Apart from this 
minor alteration, a near-linear X value relationship is applied to the core length 
section of the resistive airflow path. Similarly to the rotor, near-linear X values for 
the airgap airflow path are selected and presented in Figure 3.19. As with the rotor 
thermal network values previously presented, the selected X values are based on the 




















R In_d6 3.5 
R d6a6 4.5 
R a6b6 3.5 
R b6c6 2.5 







R In_a0 2.9 
R a0b0 2.1 












Figure 3.19: Stator thermal model X values for barrel-frame gap airflow and 
airgap airflow thermal resistances. 
 
3.6  Airflow Heat Transfer Coefficient Calculation 
 
In order to obtain the airflow convective heat transfer coefficients used in the 
previous sections for the rotor and stator models, the airflow paths along the 
synchronous machine, engulfing the rotor and the stator, need to be considered. As 
highlighted in the airflow related issues covered in the previous sections and detailed 
in Chapter 10, further airflow work is required in the future. Suggestions on how this 
future work should be executed are presented in Chapter 10. The CFD results 
provided by Cummins Generator Technologies shown in Figure 3.20 for a radial 
slice of an operating synchronous machine, illustrate the uneven airflow paths that 
exist around the electrical machine rotor and stator, and highlights the complications 
linked with this area of research. 
 
















Figure 3.20: Synchronous machine CFD radial slice airflow axial velocity results. 
The lumped parameter thermal models presented in this thesis and implemented in 
the thermal modelling tool MySolver, utilise the well established airflow correlations 
introduced in Chapter 2. These are used to obtain the heat transfer coefficients used 
by the rotor and stator thermal models as outlined in this section. Equation 3.8 is 














Nuh                  (3.8) 
 
where hc is the convection heat transfer coefficient (W/m
2/°C), kair is the thermal 
conductivity of air (W/m/°C), Dh is the hydraulic diameter (m) and NuD the 
dimensionless Nusselt number related to the specific hydraulic diameter considered. 
 
Two literature formulations, Equations 3.9 and 3.10, for the Nusselt number, NuD, 
are utilised to obtain the value used in Equation 3.8. Both NuD equations presented 
apply to airflow along smooth pipes, with Equation 3.9 being a more historical 
Nusselt formulation and Equation 3.10 a more modern correlation that includes 
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friction considerations, introduced in Chapter 2. The average of both presented 




RePr023.0 DDNu ⋅⋅=                 (3.9) 
 
where Pr and Re are the relevant Prandtl and Reynolds numbers and D is the 


























Nu                         (3.10) 
 
where the smooth pipe friction factor, fcoef, is given by Equation 3.11. Pr values range 








coeff                         (3.11) 
 
Finally, the formulation used to obtain the Reynolds number, ReD, needed in 






=Re                (3.12) 
 
where  is the density (kg/m3), v is the average axial velocity (m/s), Dh is the 
hydraulic diameter (m) and  is the dynamic viscosity (kg/m.s). 
 
Axial velocities (v) of the airflow flowing around the rotor and the stator required for 
Equation 3.12 are provided by Cummins Generator Technologies, utilising an 
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internal air flow modelling package. Further in depth airflow related implications are 
outside the scope of this thesis and are addressed in Chapters 9 and 10. 
 
Finally, acknowledging the limitations linked with the method used to determine the 
necessary heat transfer coefficients described in this section, an additional hc 
adjusting factor, Xhc, is introduced. The function of this factor is simply to calibrate 
the airflow aspects of the MySolver thermal modelling package presented in Chapter 
6 after some initial verification heat-runs are executed. As a consequence heat 
transfer coefficients are adjusted by the magnitude of Xhc, as shown by Equation 
3.13. An attempt should be made to try and maintain the Xhc adjusting coefficient as 
low as possible and a self-imposed limit of around 1.75 should not be exceeded. Xhc 














NuXh               (3.13) 
 
Further work to better understand the airflow cooling the electrical machine will 
allow future versions of MySolver to account for the complex airflow nature without 
the need of an hc overall adjusting factor, Xhc. 
 
3.7  Synchronous Generator Operational Losses 
 
Synchronous machine operational losses are the main input to the rotor and stator 
lumped parameter thermal models created in Sections 3.3 and 3.4. The different 
types of electrical machine power losses are introduced and explained in Chapter 2. 
Of the machine losses presented, those that are inputs to the rotor and stator thermal 
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3.7.1  Copper losses 
 
Copper losses, PCu, associated with the rotor and stator winding can be quantified by 
experimentally measuring the field and armature currents flowing in the rotor and 
stator windings whilst under load, the relevant voltage and/or the associated winding 
resistance.  PCu is calculated using Equation 3.14. 
 
 RIVIPCu ⋅=⋅=
2               (3.14) 
 
where I is the winding current (A), V the winding voltage (V) and R the winding 
resistance (). It is important to note that hot, experimentally obtained, thermal 
resistances are utilised. The experimental I, V and R measurements collected in Table 
8.1, Section 8.1, are utilised for this.  
 
Rotor copper loss inputs for each specific lumped parameter node, for the three core 
length planes (A, B and C), Rotor PCu_length, and for the two endwinding planes (D 
and E), Rotor PCu_endwinding, are calculated using Equations 3.15 and 3.16. The axial 
length of a segment, d(m) is the total machine core length divided by the number of 














PRotor CuendwindingCu ⋅=_   (3.16) 
 
In a similar way, stator copper loss inputs for the three core length planes (A, B and 
C), Stator PCu_length, and for the two endwinding planes (D and E), Stator 








_ ⋅=      (3.17) 







PStator CuendwindingCu ⋅=_    (3.18) 
 
The resulting copper losses are split accordingly and applied to rotor thermal 
network nodes 1 and 3, and stator thermal network nodes 1 and 2, shown in Figure 
3.21, for each thermal model plane along the core length of the electrical machine. 
Endwinding copper losses are also added to the relevant winding nodes.  
 
 
Figure 3.21: Copper loss rotor and stator lumped parameter thermal network input 
nodes. 
For example, using the rotor field current and voltage readings (Table 8.1, Section 
8.1) for the BCI184E CGT alternator, taken when supplying a 12.26 kW load, Rotor 
PCu_length equals 6.13 W and Rotor PCu_endwinding equals 14.85 W. Calculations are 
outlined using Equations 3.14, 3.15 and 3.16. 
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Rotor and stator copper losses for all machine loadings considered are calculated by 
the MySolver thermal modelling package introduced in Chapter 6. 
 
3.7.2  Iron losses 
 
Rotor and stator lamination iron losses are significantly more difficult to estimate 
than copper losses, due to their dependency on machine frequency and magnetic 
fluxes. Iron losses are introduced in detail in Chapter 4 and finite element analysis 
iron loss predictions, and their important distribution across the machine laminations, 
are covered. Once total machine iron losses, Total PIron, are obtained, these are added 
to the relevant rotor and stator thermal network nodes illustrated in Figure 3.22, 
using Equations 3.19 and 3.20. As shown, Total PIron is split between the rotor and 
the stator in a ratio of 15:85. This rotor to stator lamination iron loss split ratio is 
obtained from the finite element analysis results covered in Chapter 4 and is 
applicable to the complete synchronous generator loading range examined, supported 






















At this point, the iron loss LCCs presented in Chapter 4 are applied and lamination 
losses re-distributed according to the finite element analysis results obtained.  
 





































Figure 3.22: Iron loss rotor and stator lumped parameter thermal network input 
nodes. 
As concluded from Chapter 4, a total iron loss, Total PIron, value of 505 W is 
obtained for the CGT electrical machine analysed, experimentally and through finite 
element analysis. Utilising this and assuming an even symmetrical distribution of 
iron losses across the laminations at this stage, rotor and stator iron loss thermal 
network power inputs are calculated, using Equations 3.19 and 3.20, as shown. 
Relatively low power values result, since this is the loss input to a single lamination 
lumped parameter network node, in one plane, for one pole. The slight modifications 
to the process introduced by the addition of the LCCs to increase accuracy are 


































The method to distribute iron losses across the rotor and stator lamination thermal 
networks can be adapted to different thermal models, depending on the number of 
axial planes and plane nodes utilised to recreate the electrical machine analysed, but 
the presented principles should be applied to any lumped parameter network 
developed.  
 
3.7.3  Stray losses 
 
Stray losses are introduced in Chapter 2. Detailed stray loss magnitude estimations 
are out with the scope of the work presented. In the rotor and stator thermal models 
presented in the previous sections, stray losses, PStray(W), are quantified utilising 
Equation 3.21, a formulation fully elaborated by Cummins Generator Technologies 





























ratingMachinefractionLoadPStray         (3.21) 
 
where the Load fraction ranges from 0 at no-load to 1 at full load, Machine rating is 
the specific nominal operational load rating related to the synchronous generator (W) 
and f is the frequency (Hz), which is 50 Hz for all simulations considered in Chapter 
8. 
 
For example, taking the 12.26 kW load test considered in Chapter 8, stray losses are 
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The calculated PStray is then fractioned and applied to the relevant thermal network 
nodes in the same way that iron losses are in the previous section. 
 
3.8  Thermal Network Additions for Transient Analysis 
 
In order to enable the MySolver thermal modelling tool to produce transient results 
and perform duty-cycle simulations, thermal capacitances are added to the rotor and 
stator thermal networks in Figures 3.3 and 3.7, at every loss power input node, as 
illustrated in Figure 3.23. The capacitances shown in Figure 3.23 are added to all 





Figure 3.23: Rotor and stator thermal network transient thermal capacitances. 
It has to be noted that the winding time constant, , is significantly smaller than the 
electrical machine’s overall time constant, since a significant amount of heat is 
generated in the windings and it takes longer to transfer through to other machine 
sections. Hence, time constants for the rotor and stator winding need to be considered 
independently. For the CGT alternator analysed in this thesis, the rotor winding time 
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constant is identified as being 20 minutes and the stator winding time constant 12 
minutes, as presented in Chapter 8. 
 
The time constant, 	, is determine by the product of the thermal resistance, R, and 
capacitance, C, as indicated in Equation 3.22. 
 
CR ⋅=τ                 (3.22) 
 
where the thermal resistance, R, is obtained by Equation 3.1 (thermal conduction) or 
Equation 3.2 (thermal convection) depending on the heat transfer nature of the 
resistive path, as explained in this chapter. The capacitance, C, used in Equation 3.22 
is obtained by Equation 3.23. 
 
pCVC ⋅⋅= ρ                (3.23) 
 
where  is the density (kg/m3), V is the volume (kg/m3) and Cp is the specific heat 
capacity of the material (J/kg/°C). 
 
A density of 7800 kg/m3 and a specific heat capacity of 500 J/kg/°C is utilised for the 
electrical machine lamination sections. With regards to the winding material 
proprieties used, copper has a density of 8900 kg/m3 and a specific heat capacity of 
390 J/kg/°C, but these have been modified to 7500 kg/m3 and 460 J/kg/°C 
respectively to account for the presence of insulation within the windings. This 
information was provided by the electrical machine supplier. 
 
To model the BCI184E CGT alternator, rotor and stator coil structure densities 
provided by the manufacturer are used. Accurate coil density information is not 
always easily available, even from material and machine suppliers, given the number 
of different materials comprising the windings and the difference between 
manufacturing processes. In addition to this, since rotor and stator windings are not 
constructed identically they can have different densities, but will remain within the 
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kg/m3 range provided by the supplier. Furthermore, rotor and stator coil structure 
specific heat capacities, which are again subject to a limited accuracy, are utilised. 
3.9  Chapter Summary 
 
The principles by which the synchronous machine lumped parameter thermal 
modelling networks can be developed have been presented in this chapter, with 
individual thermal models for the rotor and the stator. Well proven formulations are 
employed and, backed with reliable geometric and physical electrical machine data, 
produce accurate thermal representations of the synchronous generators modelled, 
with examples for these provided. All considerations required to make the lumped 
parameter models representative of the complete electrical machine investigated are 
presented and discussed. Furthermore, airflow implications, necessary to determine 
the required heat transfer coefficients are presented, and the addition of thermal 
capacitances to enable transient thermal analysis is described. The reasonable 
assumptions made and the areas which require further work have been highlighted, 
with detailed reasons and suggested future plans of work outlined in Chapters 9 and 
10. Lumped parameter thermal model limitations and assumptions outlined through 
out this chapter do not jeopardise accuracy excessively but, even so, it is very 
important to address the further work aspects collected in Chapter 10, in order to 
increase understanding and obtain an even higher accuracy.  






Finite Element Analysis – Iron Loss 
Distribution within Machine Lamination 
 
4.1  Introduction 
 
The prediction and exact distribution of iron losses under transient conditions across 
a synchronous machine’s lamination has proven to be a challenging area [73]. In the 
past, several loss calculation methods have been applied in the frequency domain, 
but analysis in the time domain still requires significant work [74]-[76]. Therefore, 
utilising the more established frequency domain approach, the objective of the work 
presented in this section is to utilise Vector Fields (VF) Finite Element Analysis 
(FEA) [77] to determine the synchronous machine lamination iron loss distribution 
and to apply the results obtained to the lumped parameter thermal networks 
presented in Chapter 3. Given current demands for more efficient electrical 
machines, the prediction of iron losses has become increasingly important [78] and 
FEA proves to be a method suitable to achieve this. 
 
FEA is a powerful design tool that allows mirroring electrical machine tests and 
extracting important electromagnetic and thermal information, with a high degree of 
accuracy. Once precise geometries of the machine under investigation have been 
established, feeding experimentally obtained data related to the field and armature of 
the machine allows for the determination of useful data such as the vector potential, 
current density, magnetic flux density and magnetic field strength distribution. 
Therefore, FEA provides a level of insight and detail of the machine’s inner 
behaviour otherwise unattainable by experimental methods, at the expense of 
meticulous model calibration and extensive computing times. 
 
Finite Element Analysis – Iron Loss Distribution within Machine Lamination   
 
 80 
The main machine characterising parameters required for a synchronous machine 
model relate to the rotor, where the field voltage and winding impedance are required 
as an input to the simulations. On the other hand, no voltage input settings are 
required for the armature winding, since these are generated by the simulation itself. 
Only the armature winding resistance and inductance are required for the stator 
settings. Magnetisation properties of the rotor and stator lamination materials, as well 
as the shaft, need to be accurately established. Furthermore, boundary conditions 
(fixed potential edges) around particular machine components need to be carefully 
considered [30]. 
 
4.2  Synchronous Generator Iron Losses 
 
As presented in Chapter 2, iron losses are among the electrical machine operational 
losses that need to be considered during the thermal modelling of a synchronous 
generator, along with copper, mechanical and stray losses. The thermal modelling 
importance of iron losses varies with electrical machine types [79] & [80], but these 
are always significant and need to be accounted for [81]. Compared to copper losses, 
iron losses are significantly more challenging to predict, given their high frequency 
and magnetic flux dependency [61] & [82]. Iron losses are composed of hysteresis 
losses and eddy-current losses [60] & [63], but can also be affected by machine 
loading and by electrical and mechanical transients for particular electrical machine 
types [73]. Iron loss analysis work has been carried out for a wide range of machines, 
such as permanent magnet machines [79] & [83]-[87], induction machines [63] & 
[73] and linear DC motors [88], but this area of study still remains challenging for 
machine designers. Some iron loss investigations have been carried out on 
synchronous machines [81] & [89], but further work is required to fully understand 
their behaviour. 
 
In order to predict iron losses, PIron, in an effective and reliable manner, harmonic 
evaluation of the flux density waveform in each FEA model element in the frequency 
domain, for the time cycle under investigation, is required. Hence, the end result is a 
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decomposition of the magnetic flux waveform per element into its constituent parts 
(fundamental, 1st order, 2nd order, 3rd order, etc.). For ferritic materials, such as the 
synchronous machine’s lamination, this is then used to compute the loss per 
harmonic using the well-known Steinmetz formulae [74], shown in Equation 4.1.  
 
βα
mmIron BfCP ⋅⋅=                 (4.1) 
 
where PIron is the total iron loss, Cm,  and  are empirical parameters obtained from 
experimental measurement under sinusoidal condition. Bm represents the peak 
magnetic flux density and f the frequency. 
 
As a more general approach, total iron loss is the sum of the hysteresis and eddy 
current components, with the addition of an excess loss component due to domain 
wall effects, which should be taken into account for non-ferrite materials, as shown 
in Equation 4.2 [63], [73], [74] & [90]. 
 
( ) ( ) 5.12 βββ mxmemhxehIron BfkBfkBfkPPPP ⋅⋅+⋅⋅+⋅⋅=++=           (4.2) 
 
where Ph is the hysteresis component, Pe the eddy-current component and Px the 
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4.2.1 Experimental Estimation of Iron Losses in Synchronous 
Generators   
 
Iron losses can be experimentally estimated for the specific synchronous generator 
investigated. In comparison with the behaviour of iron losses in induction machines 
[73], where these vary significantly with machine loading, in synchronous generators 
iron losses remain constant with changing load and fluctuate with alterations in the 
armature voltage, as shown in Figure 4.1.  
 
Given that a constant armature voltage of 415 V is considered in this thesis, iron 
losses are determined by subtracting windage and friction losses from the total no-
load loss at the machine rated voltage [91]. Figure 4.1 illustrates how iron losses are 
experimentally predicted for the CGT BCI184E synchronous generator for a 
particular stator armature voltage. When the voltage is at 0 V, only windage and 
friction losses are present, which are fully supplied by and can be measured from the 










0.0 0.260 0.0 
186.9 0.354 0.094 
235.5 0.405 0.145 
263.4 0.437 0.177 
299.0 0.492 0.232 
343.4 0.567 0.307 
379.3 0.652 0.392 
415.0 0.765 0.505 
432.7 0.854 0.594 
457.7 1.027 0.767 
473.1 1.240 0.980 
482.1 1.424 1.164 
491.7 1.649 1.389 































Figure 4.1:  Experimental total and iron loss no-load determination.  
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As illustrated in Figure 4.1, windage and friction losses have a magnitude of 260 W 
when the armature voltage is 0 V. Hence, subtracting these from the 765 W for the 
rated voltage (415 V), yields an iron loss value of 505 W. This result serves as a 
method to evaluate the FEA simulations presented in this chapter. As shown later in 
Section 4.4, the results yielded by FEA are reasonably close to this experimentally 
obtained value, which indicates that the conclusions reached in this chapter are 
supported by data obtained experimentally from the synchronous machine analysed. 
 
Search coils located in the stator of the test machine examined are utilised to further 
validate the non-variation of iron losses with machine loading. Shown in Figures 4.2 
and 4.3 respectively are the search coil readings for the stator back iron and slot at 
no-load, 5 kW and 10 kW loadings. As illustrated in Figure 4.2, there is practically 
no change in the voltage readings for the stator back iron for the three loading 
scenarios considered. The stator slot search coil readings plotted in Figure 4.3 exhibit 
slight differences between loadings, but these are minor. Hence, the results presented 
confirm that iron losses do not vary significantly with loadings and can be assumed 





























































Finite Element Analysis – Iron Loss Distribution within Machine Lamination   
 
 85 











































Finite Element Analysis – Iron Loss Distribution within Machine Lamination   
 
 86 








































Figure 4.3:  Stator slot search coil results for no-load, 5 kW and 10 kW loadings.  
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Finally, additionally to the results presented in Figures 4.2 and 4.3, sensitivity 
analysis was performed on the iron loss value utilised in the synchronous generator 
lumped parameter thermal models. Results show that an iron loss fluctuation of ± 
100 W from the obtained 505 W value yields a rotor ± 1.5 °C and stator ± 3.0 °C 
steady-state average temperature swing. This finding means that the computed iron 
loss value of 505 W can be confidently fixed for the constant armature voltage 
lumped parameter model simulations. Even if iron losses do slightly change with 
loading, the effect on the resulting overall thermal model temperature predictions 
will not be significant enough to cause concern. 
 
4.3  FEA Synchronous Generator Modelling 
 
The FEA model of the CGT electrical machine presented in Section 3.2 is described 
in this section. The steps and method presented to create the FEA model for the 
synchronous machine are applicable to other machine sizes and machine types. 
 
4.3.1  FEA Synchronous Generator Model Development 
 
The geometries of the generator windings, shaft, laminations and other design 
components need to be precisely extracted from reliable machine drawings, from 
which, the two-dimensional cross-section of the alternator, shown in Figure 4.4, is 
created. 
 
The model presented is that of the CGT BCI184E 4-pole synchronous generator. It is 
composed of 36 stator slots, in which a 2/3 pitched double layer concentric winding 
is used. There are 3 slots per pole per phase and 98 turns per phase. The generator’s 
armature is series star wound and machine rotation is in the clockwise direction. It is 
important to note that for the synchronous generator model shown, fixed potential 
boundaries conditions are exclusively utilised around the stator lamination. Boundary 
conditions should be placed around particular machine components and are a useful 
tool in order to encapsulate the electrical machine model’s field lines within the 
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desired section, but need to be accurate in order to not affect the simulation 
unrealistically [92]. For instance, a fixed potential boundary around a steel shaft 
would be an incorrect simplification, since the magnetic properties of the shaft’s steel 
composition would be ignored. In the model illustrated in Figure 4.4, boundaries 




Figure 4.4:  Cummins Generator Technologies BCI184E 2-D FEA model. 
Magnetisation properties of the rotor and stator lamination materials, as well as the 
shaft, are very important and need to be accurately established. Critically, the rotor 
and stator lamination BH curves selected will determine the output armature current 
generated by the simulation. Hence, acquiring and selecting the appropriate 
rotational core loss affecting BH curves [93] from the generator material suppliers is 
a crucial task during the FEA model elaboration process. FEA model rotor and stator 
lamination properties are set in accordance with the material supplier’s data. If the 
lamination suppliers are unable to provide certain material data for particular 
operating conditions, then reasonable approximations, from BH curves for similar 
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materials on comparable machines, need to be made. The most important sections of 
the BH curves are the point at which the ‘knee’ occurs and the saturation regions, 
shown in the BH curves in Figures 4.5 and 4.6. Points below the BH curve ‘knee’ are 
normally not critical for the simulation’s outcome. The BH curves used for the 
BCI184E machine lamination and for the steel shaft are presented in Figures 4.5 and 
4.6 respectively. These are extracted from data provided by material suppliers, but 
are slightly extrapolated due to limited information being available for the desired 
frequency and operating condition. The resulting BH curves presented in Figures 4.5 
and 4.6 are validated by comparing them with other Cummins Generator 
Technologies BH curves of similar electrical machines.  
 
After accounting for the lamination geometry and material properties, the winding 
arrangements needs to be defined in the FEA model. For the test machine, the stator 
is wound in a series star configuration, with a double layer concentric winding layout 
of 2/3 pitch and 98 turns per phase. Figure 4.7 displays the armature winding series 
star layout of the machine’s 3 phases (U-V-W), whilst further armature winding 




Figure 4.5:   BH curve for BCI184E synchronous generator’s lamination.  





Figure 4.6:  BH curve for BCI184E synchronous generator’s steel shaft.  
 
 
Figure 4.7:  BCI184E machine’s series star armature winding configuration.  
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Once electrical machine armature winding details are established, FEA external 
circuit simulation settings should be determined. External circuits are a convenient 
tool for the FEA model calibration process stage. They are effectively used by the 
FEA simulator to account for armature or field resistances, capacitances and 
inductances, with a resulting V(t) voltage. For example, armature external circuits 




Figure 4.8:  External circuits utilised in FEA 2-dimensional model. 
For the specific test machine investigated six armature winding external circuits are 
used, with two external circuits per phase. This is illustrated in Figure 4.9, where the 
three armature phases are shown and Vp is the phase voltage, Ip the phase current and 




Figure 4.9:  BCI184E machine external circuit, equivalent circuit components. 
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The FEA simulator input parameters for the synchronous generator investigated are 
the field voltage, field resistance, armature resistance and armature inductance, 
obtained as shown. External circuits are utilised for the armature, with the external 
resistance and inductance per external circuit being the inputs to the FEA software. 
The particular operating point considered for finite element analysis is: 22.5 kVA, 
31.3 A, 415 V, 50 Hz. Data used, shown in Table 4.1, is extracted from the steady-
state experimental test results for the operating point examined. It should be noted 
that armature and field measured resistance values are utilised in the calculations 
outlined.  
 
Rpm 1500 Power Factor 0.8 
Frequency (Hz) 50 Field Voltage (V)  32.3 
Armature Voltage (V) 415 Field Current (I) 35.0 
Armature Current (I) 31.3 Armature Resistance () 0.8896 
kVA 22.5 Field Resistance () 0.863 
kW 18.0   
Table 4.1:  FEA synchronous machine experimentally obtained operating point 
details. 
Rotor Field Settings:  
 
Field current, IF = 35 A 
 

















Stator Armature Settings: 
  
Armature line voltage, VL = 415 V (rms) 
 
Armature current, IA = 31.3 A (rms) 
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A reasonable FEA simulation tolerance and time step for the simulation are required. 
An adaptive time step should be ideally selected, since it manages the simulation 
computing time effectively, focusing on the most sensitive simulation segments. The 
desired output times, at which the simulator will subsequently generate data, also 
needs to be determined. 
 
Once the simulation has terminated, the results need to be validated using 
experimental data before conclusions can be drawn. In particular, resulting field and 
armature currents from the FEA simulation need to be carefully examined. For the 
FEA simulation described, the resulting rotor field and stator armature currents show 
an acceptable percentage error agreement with experimentally obtained information. 
As shown in Figures 4.10 and 4.11 respectively, the FEA simulation yields a rotor 
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steady-state field current of 35 A and a peak stable state stator armature current of 








Figure 4.11: Stator armature 3-phase current variation with time (FEA results). 
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In comparison with the experimental data in Table 4.1, the rotor field current result 
fully agrees with the experimental readings. The simulation stator armature current 
result shows an error of under 10 % with respect to the test measurements. This is an 
acceptable mismatch given the enforced BH curve related assumptions made during 
the generator’s model setup, outlined in this section. Furthermore, there are 
numerous other factors that could lead to a discrepancy between FEA simulation 
outputs and practical results. Apart from the mentioned material property related 
data, machine manufacturing techniques can have a significant effect on the resulting 
armature current, since the high pressures exerted on the laminations during the 
manufacturing process, or the machining they are subjected to, can considerably alter 
their electromagnetic behaviour [94] & [95].  
 
4.3.2  FEA Synchronous Generator Model Lamination Dissection 
 
The main objective of the FEA simulation work regards the prediction of iron losses 
and the distribution of these losses across the synchronous machine, in order for the 
findings to be accommodated by the lumped parameter thermal networks developed 
in Chapter 3. For this reason, the rotor and stator lamination sections of the FEA 
model have been dissected, as shown in Figure 4.12. 
 





Figure 4.12: BCI184E machine dissected rotor and stator lamination. 
Hence the iron loss distribution in each individual rotor and stator lamination section 
can be evaluated separately and subsequently transferred to the lumped circuit 
thermal network representation of the synchronous machine. The thermal model for 
1/4 of the rotor is represented by up to thirteen individual segments (91 to 103). 
Smaller thermal networks can be elaborated simply by combining adjacent rotor 
sections together. Similarly, this applies to the stator, where a discretisation level of 
up to four sectors (104 to 107) is possible to represent 1/72 of the lamination. Table 
4.2 displays the areas (mm2) of the dissected rotor and stator lamination sections 
shown in Figure 4.12. Furthermore, the material properties utilised for the simulation 











Section Area (mm2)  Section Area (mm2) 
91 152.1  98 322.7 
92 187.2  99 322.7 
93 175.4  100 402.4 
94 175.4  101 389.3 
95 187.2  102 389.3 
96 152.1  103 1058.0 
97 402.4    
     
Stator lamination: 
Section Area (mm2)  Section Area (mm2) 
104 285.5  106 41.1 
105 30.3  107 11.9 
Table 4.2:  Dissected BCI14E rotor and stator lamination section areas. 
 Rotor Stator 
Radial lamination thermal conductivity (W/m/°C) 43 43 
Radial winding thermal conductivity (W/m/°C) 3.745 0.832 
Lamination specific heat capacity (J/kg/°C) 500 500 
Winding specific heat capacity (J/kg/°C) 460 460 
Lamination mass density (kg/m3) 7800 7800 
Winding mass density (kg/m3) 7500 7500 
Table 4.3: FEA analysis material properties. 
4.3.3 FEA Synchronous Generator Magnetic Flux Density Distribution 
Results 
 
In order to correctly understand and predict the occurrence and allocation of power 
losses during synchronous generator operation, it is fundamental to understand and 
analyse the magnetic flux distribution across the electrical machine. This information 
is extracted from the FEA vector potential and magnetic flux density plots, shown in 
Figures 4.13 and 4.14 respectively. It is important to note that rotational direction of 
the machine simulated is clockwise. 





Figure 4.13: BCI184E machine vector potential distribution. 
 
 
Figure 4.14: BCI184E machine magnetic flux density (T) distribution. 
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Figures 4.13 and 4.14 clearly illustrate the non-symmetrical nature of the operational 
power losses that occur during synchronous machine rotation. Noting rotational 
direction, the most concentrated lamination losses are situated at the ‘lagging’ half of 
the rotor pole, with flux densities of over 2 T in particular areas. Interestingly, a 
relatively low magnetic flux density is identified at the ‘leading’ half of the rotor 
pole. This is caused by a phenomenon known as armature reaction, which causes the 
existing flux to be distorted by the stator armature field, resulting in the weakening of 
the magnetic flux and increased field strength at the lamination tip. 
 
4.4 FEA Synchronous Generator Iron Loss Lamination 
Distribution Calculation 
 
Iron losses for each of the rotor and stator sections shown in Figure 4.12 (Section 
4.3.2) are extracted from FEA results using a specially modified Vector Fields 
command file, presented in Appendix C. An iron loss calculating default command 
file was provided by FEA software supplier Vector Fields and modified to correctly 
model the CGT electrical machine analysed. The command file performs a harmonic 
evaluation of the flux density waveform in each FEA model element. Hence, the end 
result is a decomposition of the magnetic flux waveform per element into its 
constituent parts. It is important to note that the described method takes into account 
iron losses exclusively and excludes stray losses from consideration, since these are 
out with the scope of the study and should be dealt with independently. As presented 
in Section 4.2, Steinmetz formula Equation 4.1 is utilised to compute the loss per 
harmonic [74]. Equation 4.3, computing hysteresis and eddy current iron loss 
components, is used in the iron loss calculating FEA command file.  
                 
( )2BfkBfkPPP e
n
hehIron ⋅⋅+⋅⋅=+=              (4.3) 
 
where kh and ke represent hysteresis and eddy current iron loss coefficients 
respectively. B represents the magnetic flux density and f represents the frequency.  
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The calculation method to obtain the important hysteresis and eddy current iron loss 
coefficients, kh and ke, is outlined in Section 4.4.1. The n coefficients, used by the 
FEA simulator as a calibrating mechanism for the iron loss calculation are presented 
in Section 4.4.2. Finally, iron loss results for the CGT alternator are covered in 
Section 4.4.3. 
 
4.4.1 Hysteresis and Eddy Current Iron Loss Coefficients 
 
In order to calculate the essential hysteresis, kh, and eddy current, ke, iron loss 
coefficients the following technique should be employed. This technique, utilised by 
Vector Fields in loss calculations, has given good results in the past on a wide range 
of machines, including CGT electrical machines such as the one investigated. 
 
The Steinmetz related Equation 4.4 together with the BCI184E synchronous machine 
PowerCore® M 800-65 A 0.65 mm ThyssenKrupp Stahl lamination material 












hehIron ⋅⋅+⋅⋅=+=             (4.4) 
 
From the manufacturer supplied lamination material information in Appendix D, 
Table 4.3 is extracted. The case for B = 1 T, at 400 Hz and 500 Hz is highlighted. 
The BCI184E machine’s lamination density is 7800 kg/m3. When B is 1 T in 
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0.6 236 2023 19.64 23.03 259 1846 26.91 31.23 
0.7 278 2004 26.68 31.02 309 1804 36.96 42.63 
0.8 326 1956 35.23 40.78 366 1740 49.28 56.68 
0.9 379 1889 45.64 52.75 431 1664 64.33 73.91 
1.0 439 1813 57.85 66.85 503 1582 82.56 94.96 
1.1 503 1740 72.17 83.44 583 1503 103.89 119.77 
1.2 576 1659 88.98 103.34 668 1430 128.34 148.45 
1.3 653 1585 108.39 126.64 760 1362 156.92 182.51 
1.4 737 1514 130.23 154.30 859 1298 188.96 222.16 
Table 4.4:  PowerCore® M 800-65 A 0.65 mm ThyssenKrupp Stahl lamination 
information (f = 400 Hz and 500 Hz). 
Therefore, using Equation 4.5 and the information in Table 4.3, hysteresis, kh, and 
eddy current, ke, iron loss coefficients are computed as outlined: 
 













hence,   eh kk ⋅+⋅= 160000400451230  
 
   eh kk ⋅−= 400075.1128             (4.6) 
 













hence,   eh kk ⋅+⋅= 250000500643968             (4.7) 
 
Equation 4.6 for kh is substituted into Equation 4.7 to obtain ke as presented:  
 
Substituting kh into Equation 4.7:  
 
ee kk ⋅+⋅−⋅= 250000)400075.1128(500643968  
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ee kk ⋅+⋅−= 2500002000005.564037643968  
 
   ek⋅= 500005.79930  
 
   59861.1= ek  
 
The computed ke value can now be substituted into Equation 4.6 to obtain kh as 
shown:  
 
Substituting ke into Equation 4.6: 
 
   )59861.1(400075.1128 ⋅−=hk  
 
   631.488= hk  
 
Hence, from the presented calculations, values of 1.6 and 489 for ke and kh 
respectively are utilised in the Vector Fields code based iron loss calculating 
command file shown in Appendix C. 
 
A couple of quick validation checks on the calculated kh and ke values are 
recommended at this stage, to ensure that these work acceptably for the magnetic 
flux density conditions considered. For this, cases B = 0.6 and B = 1.4, 400 Hz, 
highlighted in Table 4.3, are considered using Equation 4.4. It is important to note 
that Equation 4.8 (Section 4.4.2), developed by Vector Fields and introduced in the 
following section is utilised to obtain the n coefficient. PIron values calculated with 
the new coefficients and the tabulated actual magnitudes are compared.   
 
Quick check # 1:  
 
• At B = 0.6, f = 400 Hz and n = 1.8   
 





























Table 4.3 manufacturer data gives a PIron value of 19.64 W/kg. 
 
 




























Table 4.3 manufacturer data gives a PIron value of 130.23 
W/kg. 
 
For both of the operating conditions considered a reasonably good agreement is 
observed between the calculated PIron values and the manufacturer provided 
information in Table 4.3. Even though the correlation is not perfect, since kh and ke 
values fluctuate with B [61], [94] & [95], it is close enough for the purpose of the 
FEA work executed, where the emphasis is in determining the distribution of iron 
losses across the machine laminations and not in highly precise iron loss magnitude 
predictions. 
Finite Element Analysis – Iron Loss Distribution within Machine Lamination   
 
 104 
As a second quick kh and ke check, the calculated coefficients can be checked at 
another operational condition from the lamination material information in Appendix 
D. For example, at the B = 1 T, f = 1 kHz operating condition, again, using Equation 
4.5 and the calculated kh and ke values, PIron (W/kg) for the mentioned operational 
condition is computed as shown. 
 
Quick check # 2:  
 
























As shown in Figure 4.15, the calculated PIron (W/kg) value agrees with 
manufacturer’s lamination data for the f = 1 kHz operating condition, which indicates 
a successful check of the calculated kh and ke values. 
 
  
 f  = 1 kHz 



























Figure 4.15: PowerCore® M 800-65 A 0.65 mm ThyssenKrupp Stahl lamination 
information (f = 1 kHz). 
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4.4.2  FEA Calibrating n Coefficient Calculation  
 
As presented in the Vector Fields code based iron loss calculating command file, in 
Appendix C, n dimensionless coefficients (a, b and c) are used as a calibrating 
mechanism for the FEA simulator solution iron loss calculation process, to obtain the 
overall n coefficient in Equation 4.4 [96]. This allows for a more accurate 
characterisation of the electrical machine being modelled. The n coefficients selected 
need to agree with the relationship shown in Equation 4.8. This equation is provided 
by Vector Fields as a standard correlation to calculate n values in iron loss 
formulations.  
 
2BcBban ⋅+⋅+=                 (4.8) 
 
As a standard industry practical level, n should equal around 1.5 at B = 0 T and 2.5 at 
B = 2 T, but specific lamination material n values will vary. The n values presented 
and used in the command file collected in Appendix C are listed below. These have 
been used by Vector Fields and have given accurate results for CGT electrical 
machine FEA simulations in the past. Further n coefficient considerations are out 
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4.4.3  FEA BCI184E Iron Loss Distribution Results 
 
Tables 4.4 and 4.5 present the iron losses related to each rotor and stator section of 
the dissected FEA model of the CGT synchronous generator presented in Figure 4.12 
(Section 4.3.2). For convenience, in Table 4.4, rotor sections are divided into three 
lamination sub-groups: top, middle and bottom rotor lamination sections. Lamination 
section areas used to compute the power loss per area (W/cm2) for the generator rotor 
and stator laminations are extracted from Table 4.2 (Section 4.3.2). Results shown 
correspond to the operating condition: 22.5 kVA, 31.3 A, 415 V, 50 Hz. The 
presented results are utilised in Section 4.5 for the calculation of the Lumped Circuit 
Coefficients, which are later incorporated into the thermal networks utilised by the 
MySolver thermal modelling package. It should be noted that the rotor sections in 
Table 4.4 account for 1/4 of the total rotor lamination area and enclose 25 % of total 
rotor iron losses, whilst the stator sections presented in Table 4.5 account for 1/72 of 
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Rotor lamination:  
Top Sections Iron Loss (W) % of Rotor Iron Losses W/cm2 
96 2.08 3.01 1.37 
95 1.68 2.44 0.90 
94 0.70 1.02 0.40 
93 0.61 0.89 0.35 
92 0.53 0.77 0.28 




Middle Sections Iron Loss (W) % of Rotor Iron Losses W/cm2 
100 2.26 3.27 0.56 
99 1.10 1.60 0.34 
98 0.83 1.20 0.26 




Bottom Sections Iron Loss (W) % of Rotor Iron Losses W/cm2 
102 1.22 1.77 0.31 
101 1.06 1.54 0.27 





Table 4.5:  BCI184E iron loss rotor lamination distribution results. 
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Stator Lamination:  
Section Iron Loss (W) % of Stator Iron Losses W/cm2 
104 3.76 0.96 1.32 
105 0.59 0.15 1.94 
106 0.74 0.19 1.81 





Table 4.6:  BCI184E iron loss stator lamination distribution results. 
Total synchronous generator iron losses of 460.3 W result from the FEA simulation 
described which, given the limitations associated with the analysis described in this 
chapter, agrees reasonably well with the 505 W obtained through experimental tests, 
as shown in Section 4.2.1. 
 
From Table 4.4, the highest concentration of iron losses in the rotor lamination 
occurs at the top lamination section (96), followed by the adjacent section (95), with 
the remaining sections exhibiting significantly lower iron loss concentrations. Once 
again, this highlights the non-symmetrical distribution of iron losses across the rotor 
lamination during machine operation, with the highest iron loss concentration 
occurring at the ‘lagging half’ of the rotor lamination. This agrees with the magnetic 
flux density distribution illustrated in Figure 4.14 (Section 4.3.3). The stator iron loss 
concentrations are more uniform across the lamination, with only stator lamination 
Section 106 showing a higher loss concentration than the rest.  
 
4.4.4 Rotor Lamination Eddy Current, Hysteresis and Total Iron Loss 
Temperature Distribution. 
 
Given the significantly uneven iron loss distribution across the rotor lamination, the 
individual thermal effects on the rotor lamination of eddy current and hysteresis 
losses, along with the resulting overall thermal effect of the total iron losses, is 
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presented in this section. The rotor lamination temperature rise (°C), when only the 
eddy current component of iron losses is taken into account, for the operating 
condition considered in this chapter is shown in Figure 4.16. It should be noted that 
all other electrical machine operational losses, such as copper losses, are included in 




Figure 4.16: Temperature rise when only eddy current losses of total iron losses 
are considered across the rotor lamination. 
Agreeing with the magnetic flux density distribution shown in Figure 4.14 (Section 
4.3.3), eddy current losses are clearly concentrated in the ‘lagging half’ of the 
rotating rotor pole, resulting in the highest temperature spots of the rotor lamination.  
 
The rotor lamination temperature rise (°C) enforced when only the hysteresis loss 
component of iron losses is considered is displayed in Figure 4.17. 





Figure 4.17: Temperature rise when only hysteresis current losses of total iron 
losses are considered across the rotor lamination. 
In a similar way to eddy current losses, hysteresis losses concentrate their thermal 
effect on the ‘lagging half’ of the rotating rotor pole. As Figure 4.17 shows, they 
have a more general effect on the temperature of the whole rotor lamination cross-
section. Furthermore, the magnitude of hysteresis losses is higher, as indicated by the 
higher overall temperature rise of the rotor lamination and of hot-spots present.  
 
Finally, the combination of eddy current and hysteresis losses, together with all other 
operational losses, yields the temperature distribution presented in Figure 4.18. As 
expected, the iron loss related thermal distribution is dominated by the hysteresis 
loss, due to its higher magnitude and more uniform distribution, but both loss 
components contribute to the final rotor lamination thermal distribution. 
 





Figure 4.18: Overall temperature rise thermal characteristic of total iron losses 
and all other operational losses across the rotor lamination. 
 
4.4.5  Iron Loss Stator:Rotor Split Ratio 
 
The iron loss split ratio between the stator and the rotor is an important factor, since 
the fraction of the overall iron loss related to each machine part will greatly 
determine its thermal characterisation. Hence, it is very important for thermal 
modelling tools to distribute iron losses between the stator and the rotor as accurately 
as possible.  
 
The FEA simulation outlined in this section indicates an approximately 85:15 stator 
to rotor iron loss split ratio, with 391.3 W of the FEA obtained total 460.3 W iron 
loss occurring in the stator and the remaining 69.0 W in the rotor lamination. 
Cummins Generator Technologies have historically assumed a 90:10 stator to rotor 
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iron loss split ratio for their complete range of alternators, which shows a close 
agreement with the FEA obtained ratio, but has been modified following the results 
presented.  
 
4.5 Iron Loss Lumped Circuit Coefficients for Thermal 
Networks  
 
Utilising the results presented in this chapter, lumped parameter thermal network 
coefficients can be derived. These coefficients are of benefit in generating a lumped 
circuit thermal model truly representative of the synchronous generator’s rotor and 
stator iron loss distribution. These coefficients have been called Lumped Circuit 
Coefficients (LCCs) and they are derived as outlined in this section for the CGT test 
machine, but the method is applicable to other synchronous machine geometries.  
 
4.5.1  Rotor Iron Loss Lumped Circuit Coefficients 
 
Rotor iron loss LCCs are determined utilising the results presented in Section 4.4. 
The specific results and the LCCs related to each rotor lamination section are shown 
in Table 4.6. LCCs are obtained by comparing the iron loss concentration (W/cm2) 
between the sections making up the rotor lamination. The lowest rotor lamination 
section W/cm2 value is assigned an LCC value of one and the remaining section 
LCCs are derived from it. For example, in Table 4.6, middle rotor lamination Section 
98 is assigned an LCC value of 1 and, from this the LCC value for top rotor 
lamination Section 96 is 1.37 / 0.26, giving an LCC value of five. The remaining 
LCCs are calculated in this manner. Rotor section numbers refer to the rotor 










Top Sections W/cm2 LCC Value 
96 1.37 5 
95 0.90 4 
94 0.40 2 
93 0.35 1 
92 0.28 1 
91 0.38 1 
Middle Sections W/cm2 LCC Value 
100 0.56 2 
99 0.34 1 
98 0.26 1 
97 0.26 1 
Bottom Sections W/cm2 LCC Value 
102 0.31 1 
101 0.27 1 
103 0.34 1 
Table 4.7:  Rotor Lumped Circuit Coefficients (LCCs) computation information. 
LCC values in Table 4.6 are illustrated in Figure 4.19 over the rotor lamination 




Figure 4.19: Rotor Lumped Circuit Coefficients (LCCs) distribution. 
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The rotor lamination LCC results presented in this section, shown in Figure 4.19, 
indicate that the highest thermal impact iron loss input sources in a lumped parameter 
rotor lamination thermal network should be concentrated at the top left corner 
(rotating ‘lagging’ half) of the rotor pole. LCC values of five and four for Sections 
96 and 95 account for this. Adjacent rotor lamination Sections 94 and 100 also 
exhibit a higher than average iron loss concentration and hence receive an LCC value 
two. The remainder of the rotor lamination sections show a relatively uniform 
distribution of iron losses with respect to their area and have LCC values of one.  
 
4.5.2  Stator Iron Loss Lumped Circuit Coefficients 
 
Stator lamination iron loss LCCs are obtained utilising the same method presented in 
the previous section to calculate rotor LCCs. The resulting stator lamination LCCs 
are shown in Table 4.7 and are also presented in Figure 4.20, indicating their position 
within the stator lamination. 
 
Stator Lamination: 
Section W/cm2 LCC Value 
104 1.32 1 
105 1.94 1 
106 1.81 1 
107 2.96 2 
Table 4.8:  Stator Lumped Circuit Coefficients (LCCs) computation information. 
As expected, the highest concentration of iron losses in the stator lamination, and 
hence highest LCC value, is located at the bottom of the stator lamination tooth. For 
this reason, the potentially hottest stator lamination Section 107 receives an LCC 
value of two, whilst the remaining stator lamination sections are applied an LCC 
value of one, due to their lower iron loss concentration. 
 





Figure 4.20: Stator Lumped Circuit Coefficients (LCCs) distribution. 
 
4.6 LCC Lumped Parameter Thermal Network Application 
and Evaluation  
 
By accommodating the LCCs in the rotor and stator synchronous machine thermal 
models, the true distribution of iron losses and their thermal effect can be recreated, 
resulting in more accurate thermal simulations. Rotor and stator thermal networks 
presented in Chapter 3 are illustrated in Figure 4.21. Input iron losses to the five rotor 
lamination nodes (rotor nodes 2, 4, 5, 6 and 7) and to the two stator lamination nodes 
(stator nodes 3 and 4) are re-distributed according to the LCC results obtained in this 
chapter. 
 




Figure 4.21: MySolver rotor and stator lumped parameter thermal networks. 
The application of LCCs to the lumped parameter networks in Figure 4.21 results in 
improved synchronous generator thermal modelling, which mimics the true thermal 
distribution of the electrical machine in a more realistic manner, agreeing more 
closely with the thermal data (obtained via thermocouples) presented and analysed in 
Chapter 8. For example, after the application of LCCs to the rotor lumped parameter 
thermal network a more realistic temperature distribution between rotor lamination 
nodes four and six is achieved, as shown in Figure 4.22, when modelling the CGT 
synchronous generator. It should be noted that the temperatures shown in Figure 4.22 
differ from those in Figure 4.18 (Section 4.4.4). This is due to the fact that Figure 
4.22 illustrates absolute temperature, whilst Figure 4.18 shows temperature rise. 
 



























Figure 4.22: Pre-LCC and post-LCC top rotor pole thermal distribution 
comparison. 
As shown, the initial unrealistic symmetrical temperature distribution between rotor 
lamination nodes four and six is now replaced with a temperature gradient between 
the two nodes. This simulates the real synchronous machine rotor lamination 
temperature distribution more accurately, as is indicated by the experimental results 
obtained, shown in Chapter 8, and the FEA data presented in this chapter. 
 
These findings will be particularly significant in long generator heat-runs, due to the 
increase in nodal temperatures and, consequently, lamination hotspots. In addition to 
this, the rise in the temperature gradient across the rotor lamination’s radial length is 
also an important electrical machine design consideration, as this will exert increased 
pressure on the lamination’s operational lifetime. It is important to note that the 
simulation results presented relate to the CGT alternator. Appling the LCC method 
described to higher rated machines, with higher W/kg values, would accentuate the 
results obtained, as the magnitude of the node-to-node temperature difference would 
be increased, making their correct prediction more important. 
 
Finite Element Analysis – Iron Loss Distribution within Machine Lamination   
 
 118 
4.7  Chapter Summary 
 
In this chapter, the development of iron loss lumped parameter network 
redistribution factors, called Lumped Circuit Coefficients (LCCs), has been covered. 
It is important for modern generator design methods to take into account precise iron 
loss distributions and FEA is utilised to compute the LCCs related to each rotor and 
stator lamination section across a two-dimensional cross-section of the synchronous 
machine. The process by which the FEA model of the synchronous machine is 
developed is presented in this chapter, focusing on the setup of the required external 
circuits. As the results presented in this chapter show, the application of LCCs to the 
alternator’s lumped parameter thermal network yields a more accurate representation 
of the electrical machine’s lamination temperature distribution. The method 
described in this chapter is implemented on the CGT synchronous generator 
investigated with satisfactory results, with the presented method being applicable to 
other electrical machine types. 
 
The emphasis of the work presented in this chapter is on the distribution of iron 
losses across the synchronous machine’s laminations, in order to increase the 
accuracy of the lumped parameter thermal networks presented in Chapter 3. Due to 
the limitations associated with the use of FEA, covered in this chapter, to accurately 
predict the precise magnitude of iron losses in synchronous machines, the reasonable 
agreement between the FEA simulated iron losses and the experimental based 
reading is deemed as appropriate to extract the required iron loss lamination 
distribution desired.  






Lumped Parameter Modelling Winding 
Discretisation Level 
 
5.1  Introduction to Winding Discretisation Level 
 
A thermal model’s discretisation level refers to the sections that are used to model 
the electrical machine as a whole, or some of the more critical components, both in 
the axial and radial directions. An excessively crude model with a too low 
discretisation level will prove simple to create and fast to analyse, but will lack 
accuracy. On the other hand, increasing the discretisation level unjustifiably will 
complicate the analysis without yielding better, more accurate results. Hence, it is 
key to identify an acceptable discretisation level, both in terms of accuracy and 
computing time. With regards to electrical machines, the main discretisation level 
concerns refer to the lamination and coil windings. Heat is transferred through these 
sections constantly during machine operation and the determination of an appropriate 
discretisation level across these machine parts is very important.   
 
The most important material property to be considered when determining a thermal 
model’s discretisation level is the individual component’s overall thermal 
conductivity. Structures made exclusively from components such as copper or steel 
will require very low discretisations due to their high thermal conductivities (around 
400 W/m/°C and 40 W/m/°C, respectively). This is because the high conductivities 
result in uniform temperature distributions across these relatively small sections. 
Therefore, for example, heavily discretising a machine’s rotor lamination in the axial 
or radial direction will bring little benefit, since heat travels with little obstruction in 
this direction and thermal distributions are relatively uniform.  
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It is in the electrical machine’s coil windings where conductivity is dramatically 
reduced by the presence of insulating resins (~ 0.25 W/m/°C) and inevitable trapped 
air pockets (~ 0.03 W/m/°C) which result in the overall winding thermal 
conductivities falling to around 2-3 W/m/°C, making the consideration of an 
appropriate discretisation level very important. Such low thermal conductivities 
across components result in significant temperature gradients which are essential to 
model and take into account. 
 
5.2  Synchronous Generator Winding Discretisation Level 
Determination 
 
A study is performed in order to determine reasonable discretisation levels for 
synchronous generator rotor and stator windings, since these are the low thermal 
conductivity areas previously identified. The investigation is performed using the 
system analysis tool Portunus developed by Adapted Solutions [97], which allows 
for the generation and analysis of thermal networks composed of thermal resistances, 
power sources and temperature meters. Individual networks are created for each one 
of the discretisation levels considered. 
 
5.2.1  Isolated Winding Discretisation Level Study  
 
Initially the scenario of an isolated standard coil winding is considered. A number of 
individual isolated winding models are used for this, ranging from a single node 
(1x1) winding representation, presented in Figure 5.1, to a coil winding represented 
by 100 smaller nodal sections (10x10), illustrated in Figure 5.2. Model thermal 
resistances are calculated from winding geometries and material thermal properties 
for each model created. Overall model input power source values are kept constant 
across the whole range of models considered, with individual power source 
parameters calculated for each model being dependant on particular model 
discretisation levels.  
 





Figure 5.1:  Isolated machine winding single node (1x1) thermal network. 
In Figures 5.1 and 5.2, R represents thermal resistance paths, Pin the nodal input loss 
power fed into the model node, T the nodal temperature and Tamb the ambient 




Figure 5.2:  Isolated machine winding 100 node (10x10) thermal network. 
Model networks of node arrays varying from 1x1 to 10x10 network are exposed to 
an identical loss scenario, with a 1.5 kW loss being divided between the input power 
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nodes comprising each model. Winding model average temperatures are calculated 
for all models considered in the study, under the conditions described, by averaging 
out all temperature meter readings. 
 
Simultaneously to the work outlined and performed by Cummins Generator 
Technologies, finite element thermal analysis (using computational fluid dynamics 
tool Fluent) is utilised to analyse the same specific machine winding investigated 
under identical experimental conditions, with an equal 1.5 kW loss input. The finite 
element thermal analysis yields an average winding steady-state temperature of 17.07 
°C. This result is combined with the thermal network multi-node study described to 
reach a winding discretisation level conclusion.  
 
The combined lumped parameter thermal network and finite element results obtained 































Figure 5.3:  Multi-node networks and FE winding discretisation results. 
In Figure 5.3, the x-axis winding discretisation level refers to the structure of the 
lumped parameter network, where a winding discretisation level of 1 refers to the 
1x1 thermal network illustrated in Figure 5.1 and a winding discretisation level of 10 
refers to the 10x10 thermal network shown in Figure 5.2. As presented in Figure 5.3, 
Lumped Parameter Modelling Winding Discretisation Level   
 
 123 
the lumped parameter network results stabilise around winding discretisation level 
10, generating an average winding temperature of 17.71 °C, compared to the finite 
element result of 17.07 °C. 
 
As shown by the results presented a winding discretisation level of 10 yields very 
accurate results in comparison with the finite element results obtained. This result is 
validated against a wide range of input losses, winding thermal conductivities and 
winding geometries, all converging to a 10x10 array, as shown in Figure 5.3. Using 
lower discretisation levels reduces the accuracy of the results, jeopardising the 
machine’s overall thermal model. On the other hand, increasing the winding 
discretisation level above the 10x10 thermal network is unnecessary and complicates 
the thermal model without a significant accuracy reward. Discretisation levels of up 
to 20x20 are simulated in the study, in order to increase confidence in the results 
presented and confirm that stabilisation of the lumped parameter network results 
illustrated in Figure 5.3. 
 
5.2.2  Rotor Winding Discretisation Level Study  
 
Once a winding discretisation level of 10 is identified as yielding reasonably accurate 
results when modelling an isolated coil winding, the model under investigation is 
extended to cover one pole of the CGT BCI184E alternator’s rotor. The rotor thermal 
network developed and presented in Chapter 3 is utilised for the study, with the 
winding section modified to accommodate the range of winding discretisation levels 
tested, as shown in Figure 5.4. 
 




Figure 5.4:  Rotor winding discretisation level study thermal network. 
Model machine geometries and material thermal properties, such as the ones used for 
the CGT BCI184E synchronous machine models in Chapter 3, are selected to create 
a meaningful machine model and located as shown in Figure 5.4. In order to remain 
consistent with the previous isolated winding discretisation study, model losses are 
only added to the rotor winding section and, again for consistency, these have a 
magnitude of 1.5 kW. Once again, lumped parameter thermal network models are 
created for the range of rotor winding discretisation levels considered, from the 1x1 
to the 10x10 discretisation level. The results obtained are presented in Figure 5.5. 
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Figure 5.5:  Rotor winding discretisation results. 
As shown in Figure 5.5, similarly to the isolated winding study, a discretisation level 
of 10x10 is identified as providing an acceptable rotor coil winding discretisation 
level. 
 
5.2.3  Stator Winding Discretisation Level Study  
 
In order to confirm that the isolated winding and rotor winding results presented in 
the previous sections are also applicable to the stator winding a similar study is 
performed using the stator thermal network created in Chapter 3. Figure 5.6 displays 
the stator thermal network for the CGT alternator, with the location of the winding 
network under examination clearly marked.  









Figure 5.6:  Stator winding discretisation level study thermal network. 
As with the rotor winding study in the previous section, lumped parameter thermal 
network components are calculated from machine design data and a 1.5 kW loss is 
injected into the winding section. Again, discretisation levels ranging from a 1x1 
stator winding thermal network to a 10x10 network are considered. The results 
obtained are presented in Figure 5.7. It should be noted that, as illustrated in Figure 
3.6 in Section 3.4, the stator winding considered consists of two layers and that both 
of these stator winding layer sections are subjected to the winding discretisation 
described, with the overall effect monitored and shown in Figure 5.7. 
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Figure 5.7:  Stator winding discretisation results. 
As illustrated in Figure 5.7, a level 10 (10x10), winding discretisation level is also 
identified as reasonably accurate to model the stator winding in lumped parameter 
thermal networks. 
 
5.2.4  General Isolated Winding Discretisation Level Study  
 
Finally, a more general isolated winding discretisation level solution, not exclusively 
applied to a CGT BCI184E synchronous generator, is achieved by considering 
electrical machine winding dimensions ranging from a 10 mm (winding height) by 
10 mm (winding width) radial surface area winding to a 150 mm by 150 mm 
winding. In the study, winding geometries are increased in steps of 10 mm, between 
the two winding geometries stated. The winding analysis dimension range is selected 
because it covers the range of windings in synchronous generators manufactured by 
Cummins Generator Technologies examined in this thesis. The aspect ratio, winding 
height to width, is the main parameter in this study and so the results presented in 
this section are applicable to winding geometries outside the established winding 
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geometry range. Once again, to be consistent with the previous studies, a 1.5 kW loss 
is applied to all models and identical winding material properties are employed.  
 
Results obtained are presented in Table 5.1, which indicates the winding 
discretisation levels at the point in which a further increase in discretisation level 
accuracy provides less than 0.5 °C accuracy benefit. At this point, the flat region seen 
in Figures 5.3 (Section 5.2.1), 5.5 (Section 5.2.2) and 5.7 is reached. Furthermore, in 
order to establish the level of accuracy linked with each one of the discretisation 
levels selected, the difference in °C temperature (T) is included in Table 5.1 under 
each winding discretisation label. For example, a 6x6 winding discretisation level is 
recommend for a 0.02m x 0.08m winding and this has an error of 0.58 °C with 




Table 5.1:  Minimum discretisation level required for specific winding geometry. 
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As shown in Table 5.1, the most common minimum winding discretisation level 
allowed is a 7x7 array. Furthermore, windings with an aspect ratio at the extremes 
(i.e. much greater or less than one) can have a smaller nodal array. This is due to the 
fact the heat transfer through windings with these aspect ratios is easier to model, 
since a lower thermal resistance across the conducting path results. As presented in 
Table 5.1, the °C temperature magnitude errors linked to the winding discretisation 
levels selected are all under 1 °C.  
 
To conclude the study, Table 5.2 presents a general overview of the results obtained 
in this chapter. As opposed to the minimum winding discretisation required 
presented in Table 5.1, the recommended winding discretisation level required to 
achieve high accuracy results for each winding geometry considered is stated in 




Table 5.2:  Discretisation level required for specific winding geometry. 
The results presented in Table 5.2 can be used as a quick reference when developing 
electrical machine winding thermal models. As stated in the study, a discretisation 
level of 10x10 is required for the more complex coil windings. Simpler windings 
with longer, thinner coil windings, with significantly higher or lower than unity 
aspect ratios, can be successfully modelled with lower winding discretisation levels.  
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5.3  Winding Discretisation Level Application to Thermal 
Models and Evaluation 
 
In order to avoid the use of experience based algorithms transforming thermal 
network nodal temperatures into actual temperatures, the winding discretisation 
levels stated in this chapter, mainly the 10x10 level, can be applied to electrical 
machine thermal networks by making the necessary thermal network adjustments to 
accommodate the highly discretised winding networks. This can significantly 
complicate the design of the thermal systems and make these considerably more 
difficult to analyse. For this reason, a curve fitting exercise is executed in order to 
generate a coefficient to translate single node 1x1 winding network temperatures to 
the desired 10x10 network temperature result. In order to achieve this, several input 
copper and iron loss operational conditions are applied to the rotor winding 1x1 and 
10x10 thermal networks presented in Figure 5.4 (Section 5.2.2). The results to the 










100 50 9.2 8.1 
500 500 56.8 51.3 
1200 100 88.3 74.8 
1200 300 97.1 83.5 
1300 300 104.1 89.4 
1200 500 105.8 92.3 
1400 300 111.0 95.3 
2000 500 161.8 139.2 
2000 1000 183.6 161.1 
3000 1500 275.4 241.7 
Table 5.3:  Curve fitting integration study of 10x10 winding discretisation. 
The relationship between 1x1 and 10x10 winding temperature results presented in 
Table 5.3 is illustrated in Figure 5.8. From this, a graph gradient of 0.88 is extracted. 
Hence, this 0.88 coefficient can be utilised in lumped parameter electrical machine 
thermal models to translate single node winding network temperature results to the 
established accurate 10x10 network temperature prediction. This 1x1 to 10x10 
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winding temperature converting coefficient is utilised by the MySolver thermal 
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5.4  Chapter Summary 
 
In this chapter the issues to be considered when selecting an appropriate winding 
discretisation level, to be accommodated within a lumped parameter thermal network 
of an electrical machine, are discussed. Discretisation studies are performed initially 
using an isolated winding model of the CGT BCI184E synchronous machine 
investigated in this thesis. The results of this investigation indicate that a lumped 
parameter thermal network made up of one hundred individual nodes, constructed in 
a 10x10 matrix structure, is ideal to correctly thermally model the machine winding 
and yield accurate winding average temperatures, which are validated using finite 
element simulation results. This result is subsequently validated with winding 
networks integrated into the rotor and stator thermal networks presented in Chapter 
3, with the results confirming a reasonably accurate 10x10 winding discretisation 
level accuracy. Utilising this method, general tables, not related to the particular 
CGT alternator investigated in this thesis, are devised indicating the required 
winding discretisation levels needed for specific winding geometries. Finally, a curve 
fitting exercise is performed in ordered to translate the basic single node 1x1 winding 
temperature results to the desired 10x10 winding network generated temperatures. 
The resulting 1x1 to 10x10 winding temperature converting coefficient is 
subsequently used by the MySolver lumped parameter thermal modelling tool 
presented in Chapter 6.   






MySolver Lumped Parameter Thermal 
Modelling Tool 
 
6.1  Introduction 
 
Discoveries and lumped parameter thermal network developments covered in the 
preceding chapters are collected together and implemented into a novel thermal 
modelling tool, MySolver, presented in this chapter. This chapter outlines MySolver 
operation, highlighting its input requirements, the Excel and Portunus software 
implications and the generated outputs. Details of specific aspects covered in this 
chapter are tackled in the relevant thesis chapters and, hence, are not given in this 
chapter. In the subsequent Chapter 8, MySolver is utilised to thermally model the 
CGT BCI184E synchronous generator, presented in Chapter 3, with the results 
obtained analysed and its performance evaluated.  
 
MySolver has been designed and subsequently tested for the thermal modelling of 
synchronous generators. The principles presented in this thesis are applicable to other 
machine types and MySolver can be modified to model them. Geometric alterations 
to MySolver can be executed as outlined in Chapter 3 and MySolver has the 
flexibility to change machine operational losses and airflow related issues. In this 
way, MySolver can be adapted to model the specific electrical machine type range of 
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6.2  MySolver Thermal Modelling Operation 
 
MySolver uses the rotor and stator lumped parameter thermal networks detailed and 
developed in Chapter 3. The necessary electrical machine geometric parameters and 
relevant material information data, outlined in Chapter 3, is fed in by the user via an 
Excel spreadsheet. Furthermore, armature and field winding voltage and current 
readings characterising the particular machine operation condition modelled, along 
with the power losses linked to this operational condition, are also an input to 
MySolver. These electrical machine operational losses are obtained as described in 
Chapter 3. The necessary airflow information to compute the important heat transfer 
coefficients, as explained in Chapter 3, need to be supplied by the user at this stage. 
From the information supplied by the user tabulated in Excel, MySolver calculates 
all the lumped parameter thermal networks thermal resistance components 
comprising the rotor and stator networks, listed and explained in Sections 3.3, 3.4 
and 3.5. In addition to this, input power loss nodal values, discussed in Section 3.7, 
and thermal capacitance magnitudes for transient simulations, covered in Section 3.8, 
are computed automatically. LCCs, presented in Section 4.5, come into effect at this 
point, as electrical machine lamination iron losses are redistributed accordingly 
across the rotor and stator thermal models. No additional FEA simulations are 
required by the user and MySolver is a stand alone thermal modelling package. 
 
At this stage, the MySolver user can call for the thermal results to be generated via 
an ActiveX visual basic based link between Excel and system analysis tool Portunus. 
The information calculated in Excel is transferred to Portunus and fed into the 
developed rotor and stator lumped parameter thermal networks, outlined in the next 
section. The thermal network analysis is executed by the Portunus component of 
MySolver and, again via an ActiveX link, results are sent back to the MySolver’s 
output spreadsheet page in Excel. Here, all nodal steady-state temperatures are 
presented and transient temperature rise graphs plotted. These are the thermal results 
subsequently validated, using experimentally obtained data, in Chapter 8. It is worth 
noting that in the Portunus to Excel final temperature data transfer, the winding 
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discretisation coefficient translating single node predictions to 10x10 winding 
network temperatures, elaborated in Chapter 5, is used. 
 





Figure 6.1:  MySolver operational flow diagram. 





• Detailed geometries from machine drawings to include the parameters 
illustrated in Figures 3.2 and 3.6 (Sections 3.3 and 3.4 respectively).  
• Material properties information provided by material suppliers added by user 
(utilised as described in Chapter 3). 
• Experimental (if available), simulated or estimated armature and field 
winding information added. Current and voltage values to compute specific 
machine losses. 
• Experimental (if available), simulated or estimated or simulated power losses, 
in particular iron losses, are added. 
• Measured (if available) or estimated airflow related issues, such as the 




• All lumped parameter thermal network resistances computed utilising the 
geometric information supplied by the user. 
• Input power losses injected at relevant thermal network nodes. 
• LCCs (presented in Chapter 4) utilised to redistribute iron losses across rotor 
and stator laminations. The default stator:rotor iron loss split ratio of 85:15, 
explained in Section 4.4.5, is utilised by MySolver. No extra FEA simulations 
are required by the user to perform MySolver thermal consultations. The 
MySolver 85:15 iron loss split ratio can be modified by the user if required. 
• Thermal capacitances for transient simulations calculated from material 
information supplied by the user and added to the thermal models. 
• Electrical machine thermal network solved by system analysis tool, Portunus. 
• Discretisation winding coefficient (presented in Chapter 5) used to obtain 
accurate winding temperatures. 
 
 





• Steady-state and transient lumped parameter network nodal temperatures 
generated and relevant graphs plotted. 
 
6.3  MySolver Portunus Thermal Models and Operation 
 
The system analysis tool Portunus is used by MySolver to solve the rotor and stator 
lumped parameter thermal networks developed. Figures 6.2 and 6.3 overview the 
synchronous generator rotor and stator networks analysed by Portunus during 
MySolver operation. Values for each component shown in the figures are imported 
from Excel, where they are calculated from machine geometric and material 
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6.4  Evaluation of MySolver Use as a Thermal Modelling 
Tool 
 
MySolver proves to be a user friendly reliable electrical machine thermal modelling 
tool, with a clear user interface. Using the diagrams presented in Chapter 3 the user 
can supply the geometric dimensions required to compute the thermal resistances 
making up the machine thermal networks for a wide range of machine size and types. 
After supplying experimentally obtained or estimated field and armature information, 
together with machine operational losses, nodal temperatures are returned to the user 
promptly. Very importantly, MySolver allows for future work to be easy 
accommodated. Its lumped parameter nature and the use of Portunus as the thermal 
network solver means that future alterations to the thermal networks or computing 
operations can be performed without major changes and implemented very quickly. 
MySolver provides both steady-state and transient thermal solutions, allowing the 
user to fully understand the electrical machine’s thermal behaviour during the 
complete heat-run considered. Finally, as shown in Chapter 8, MySolver steady-state 
and transient temperature predictions for a wide range of load points agree closely 
with experimentally thermocouple obtained temperatures, which proves MySolver is 
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6.5  Chapter Summary 
 
The work presented in this thesis to this point is encapsulated in the MySolver 
thermal modelling tool, presented in this chapter. Outlined are the simple MySolver 
user instructions, with an overview of the inputs, outputs and operations executed 
listed. The Excel and Portunus usage in MySolver is explained and the rotor and 
stator lumped parameter thermal networks used by Portunus are presented. This 
chapter highlights the user friendly nature of MySolver and how future thermal 
modelling work, such as that described in Chapter 10, can easily be accommodate 
into the current MySolver version, due to its lumped parameter nature and thanks to 
the use of Portunus to compute the thermal network solution. 






Experimental Programme Procedure 
 
7.1  Introduction to Experimental Validation 
 
In order to effectively validate and evaluate the performance of the created electrical 
machine lumped parameter thermal models and to gain detailed insight on the 
thermal distribution across the machine’s most important sections, an experimental 
verification stage was carried out. The experimental work carried out is described in 
this chapter, along with the design of the required test rig components and 
experimental limitations present. The resulting experimental results are presented 
and analysed in Chapter 8, with additional results presented in the Appendices. 
 
7.2  Experimental Test Rig Setup 
 
This chapter outlines the components required for the presented experimental 
validation stage. A schematic showing the main components of the system is shown 
in Figure 7.1. 
 
 





Figure 7.1:  Overview of experimental validation test rig layout.  
The synchronous generator test rig utilised consists of four main sections: the 
synchronous generator itself, an induction motor driving the generator, an inverter 
drive controlling the induction motor and a resistive load bank linked to the 
generator.  
 
The synchronous generator is a 22.5 kVA CGT BCI184E electrical machine which is 
presented in Chapter 3. The motor is a conventional 22 kW induction machine, the 
inverter drive monitors the motor’s rotational speed and the 3-phase resistive load 
bank can handle loads of up to 30 kW.  The coupled synchronous generator and 
induction machine is shown in Figure 7.2. 
 




Figure 7.2:  Coupled synchronous generator, torque transducer and induction 
motor.  
For mechanical power to be transferred, the synchronous generator and induction 
motor are coupled as shown in Figure 7.2, with a torque transducer placed between 
the two electrical machines monitoring torque, power transferred and revolutions per 
minute. Additionally, a resolver provides the necessary feedback to the inverter drive 
for induction motor control. The power generated by the synchronous machine is 
passed through a 3-phase power analyser, to monitor armature voltage, current and 
power generated, before being transferred to the 3-phase resistive load bank.  
 
7.2.1  Synchronous Generator k-Type Thermocouples  
 
In order to monitor the temperature of the critical sections of the synchronous 
machine, k-type thermocouples are placed in a wide range of internal and external 
machine locations. The standard BCI184E machine was modified in order to collect 
the crucial information to validate the created lumped parameter models. The main 
modification areas during the assembly of the generator and the location of the 
thermocouples are discussed in this section.  
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Small k-type thermocouples are selected for this task in order not to obstruct the 
airflow and jeopardise the data collected. Other sensors, such as RTDs, provide 
clearer voltage signals, which are less susceptible to electrical noise, but their larger 
size makes them inappropriate for the task due to the potential to block the airflow. 
Wireless thermal sensors and transmission systems were considered, but the 
electrically and electromagnetically noisy environment makes wired systems a better 
option.  
 
Internally, thermocouples are located at several positions in the stator and rotor 
windings. External thermocouples are utilised to monitor generator frame, feet and 
airflow temperatures at several positions.  
 
Stator Winding Overhang and Slot Thermocouples 
 
Thermocouples are placed both in the stator winding overhangs and along the axial 
length of a slot. The thermocouples placed in the stator winding overhang are located 
between overlapping coils of the same group. Twelve thermocouples, numbered S1 
to S12, are placed both in the drive-end (DE) and in the non-drive-end (NDE). Stator 
winding overhang locations are illustrated in Figure 7.3. 
 
 
Figure 7.3:  Stator winding overhang thermocouple locations on DE and NDE.  
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The synchronous machine’s stator during the assembly process is shown in Figure 
7.4. Illustrated is the presence of the specially placed overhang thermocouples, both 
on the NDE and DE overhangs. 
 
 
Figure 7.4:  Alternator stator NDE (left) and DE (right) winding overhangs.  
Additionally, five k-type thermocouples are placed axially equally spaced between 
armature coils, under the winding separator insulation, in the top slot of the stator 
lamination. These sensors are numbered S13 to S17, starting from the drive-end of 
the electrical machine, and their positions along the axial length of the stator 
lamination are shown in Figure 7.5. There is a gap of 25 mm between each of these 
thermocouples. Subsequently, three additional thermocouples are placed in slots 90 
degrees apart, in the middle of the axial core length, numbered S18 to S20. Together 
with thermocouple S15, in Figure 7.5, these thermocouples monitor the winding 
temperature around the circumference of the machine at the middle of the core 
length, as shown in Figure 7.5. 
 




Figure 7.5:  Stator winding slot thermocouples placed along the machine core 
length. 
 
Rotor Winding Thermocouples 
 
Fourteen thermocouples are placed in the rotor winding, all of which are located in 


















Figure 7.6:  Schematic location of rotor winding thermocouples. 
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Rotor Design Modifications 
 
In order to extract the information from the rotor thermocouples the rotor shaft had to 
be modified. The shaft was perforated and a duct running along its axial length 
created. All rotor thermocouple wires are collected and carried away from the rotor 
through this duct, as shown in Figure 7.7. 
 
 
Figure 7.7:  Rotor shaft duct for thermocouple sensor extraction. 
 
External Synchronous Generator Thermocouples 
 
In addition to the internal thermocouples, eight thermocouples are used to monitor 
external generator sections. As shown in Figure 7.8, four thermocouples (F1 to F4) 
are placed along the external length of the frame’s core length. Single thermocouples 
are placed at the generator’s feet (F5) and monitoring the AVR box temperature (F6). 
Finally, two thermocouples are used to measure the through ventilation air 
temperature increase (F7 and F8). 
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Figure 7.8:  Location of external synchronous machine thermocouples. 
 
7.2.2  Synchronous Generator Rotor Slip-Rings 
 
In order to extract the thermal information collected by the rotor winding 
thermocouples, shaft mounted slip-rings are connected to the thermocouple wires 
ducted along the rotor shaft. The eleven brush bronze slip-rings presented in Figure 
7.9 are utilised for this purpose. The conventional use of slip-rings to relay 
thermocouple information introduces problems in the shape of unpredictable thermal 
offsets and electrical noise interference. A description of these problems and how to 




Figure 7.9:  Rotor shaft mounted bronze eleven brush slip-rings. 
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7.2.3  Rotor Thermocouple Processing PCB  
 
The rotor thermocouple processing PCB presented in this section, shown in Figure 
7.10, is essential to guarantee the integrity of the recorded thermal signals. 
Essentially, the PCB removes the thermal offsets introduced by the use of the slip-
rings; removes unwanted electrical and electromagnetic noise and amplifies the 




Figure 7.10:  Rotor thermocouple processing PCB. 
With the objective of keeping PCB temperatures as close to room temperature as 
possible a centrifugal fan was added to the experimental setup, as shown in Figure 
7.11. A thermocouple was also placed between the fan and the PCB to monitor 
temperature. The importance and implications of the centrifugal fan are explained in 
Section 7.3.6.  
 





Figure 7.11:  PCB cooling centrifugal fan. 
 
7.2.4  Data Acquisition Equipment  
 
All thermocouples are recorded using a Campbell Scientific CR1000 measurement 
and control system, shown in Figure 7.12. Additionally, a Campbell Scientific 
AM16/32A relay analogue multiplexer is used to increase the number of 
thermocouple input channels in order to accommodate for the numerous electrical 
machine thermocouples. Also utilised are the Agilent MSO6012A oscilloscope and 
the Voltech PM3000ACE power analyser presented in Figure 7.12. Furthermore, 
several voltage meters and ammeters are utilised to monitor the generator’s field and 









Figure 7.12:  Data acquisition main board, relay, digital oscilloscope and power 
analyser. 
 
7.2.5  Instrumentation 
 
The instrumentation utilised during the experimental stage is presented in Table 7.1. 
 
Instrument Type Accuracy 
3-phase resistive load bank Cressall, AC30, 230/400 V, 15/30 kW - 
Multimeter – Rotor voltage Beckman, Tech 310 ± 0.75 % 
Multimeter – Stator voltage Beckman, Tech 310 ± 0.75 % 
Ammeter – Rotor current Sangamo Weston, Model 8103 ± 0.2 A 
Multimeter – Stator phase 
resistance 
Beckman, Tech 310 
± 0.5 % 
Oscilloscope Agilent MSO6012A 100 MHz ± 0.4 % 
Power Analyser Voltech, PM3000ACE ± 0.1 % 
Data Acquisition System Campbell Scientific, CR1000 ± 0.06 % 
Data Acquisition Relay 
Multiplexer 
Campbell Scientific, AM16/32 A 
- 
Power supply – PCB Hameg, HM7042-4 ± 3 digits 
Power supply – Data 
acquisition equipment 
Iso-Tech, IPS-3610D 
± 0.5 % 
Torque transducer Magtrol, TM312 ± 0.1 % 
Torque transducer indicator Magtrol, Model 3410 Torque Display ± 0.01 % 
Isolation transformer SSE Ltd. - 
Thermal camera Cedip, Titanium DCO19U-B ± 1 % 
Table 7.1:  Instrumentation utilised during experimental validation stage. 
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The complete test system is shown in Figure 7.13.  
 
 
Figure 7.13:  Test rig layout of main instrumentation components. 
 
7.3  Reading Rotor k-Type Thermocouples 
 
The most challenging experimental aspect involves reading and processing the data 
obtained from the rotor thermocouples via the shaft mounted slip-rings. The main 
difficulty arises in the form of unintended thermocouple junctions, which are created 
when the thermocouple k-type material path is broken by another conducting 
material, such as standard copper wiring. These junctions can be reduced by ensuring 
that the correct thermocouple material wiring, k-type in this case, is utilised between 
the thermocouple sensors and the data acquisition system, as is done for the stator 
and frame thermocouples. Unfortunately, the junction located between the k-type 
thermocouple wiring and the slip-ring connections cannot be removed and hence a 
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novel technique is required to tackle the problem. The high temperatures exhibited 
by the slip-rings during machine rotation accentuate the problem described. 
Furthermore, as the synchronous machine rotates at 1500rpm (50Hz), the low voltage 
thermocouple readings (~0.8mV at 20 °C) can easily be swamped by electrical and 
electromagnetic noise. Hence, it is vital that these signals are amplified as close to 
the thermocouple source as possible and certainly prior to the slip-rings. 
 
7.3.1  Rotor k-Type Thermocouple Erroneous Operation 
 
The initial main material junction problem is caused and accentuated by the frictional 
heat generated at the slip-rings as the machine rotates, which causes these to reach a 
temperature of approximately 60 °C, as shown by the Cepid Titanium DCO19U-B 
thermal camera capture displayed in Figure 7.14.  
 
 
Figure 7.14:  Cepid thermal camera capture of slip-rings under machine operation. 
The temperature difference between this junction and the temperature at the data 
acquisition end results in inaccurate and unpredictable results being collected.  
 
A couple of examples of this erroneous operation are shown in Figures 7.15 and 
7.16. In Figure 7.15, the no-load heat curve for a rotor winding thermocouple is 
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incorrect, with an excessively high steady-state temperature and completely 
























Figure 7.15:  Erroneous no-load heat curve for a rotor winding thermocouple. 
Figure 7.16 illustrates the effect on the rotor winding thermocouple readings when 
the electrical machine is turned off.  

























Figure 7.16:  Erroneous heat curve for a rotor winding thermocouple. 
In Figure 7.16, an unrealistic rotor winding temperature drop of nearly 20 °C is 
recorded. It is clear from this graph that as the temperature of the slip-rings goes 
down the readings start to become meaningful, due to the slip-ring temperature 
falling once the machine stops rotating. Once the slip-rings have cooled down, at the 
end of the presented heat curve, the problem seems to have nearly disappeared.   
 
To simulate the thermocouple junction findings a very simple test can be carried out 
in which two k-type thermocouples are placed in a container of boiling water. Both 
thermocouples are recorded by the same data acquisition equipment via two separate 
identical k-type thermocouple connectors.  One of the connectors is heated up using 
a heat-gun, whilst the other remains at room temperature. To validate the test, a third 
reading is taken using a standard mercury thermometer placed in the boiling water. 
The results show that whilst the thermocouple with the connector at ambient 
temperature and the mercury thermometer read an elevated water temperature (~ 85 
°C), the thermocouple with the highly heated connector reads an unrealistic 
erroneous temperature (~ 10 °C). This test highlights the effect of the unevenly 
heated thermocouple junction along the thermocouple signal path. The test also 
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shows the effect as being very unpredictable, since the value recorded by the heated 
connector thermocouple fluctuates significantly even though the heat-gun is 
constantly placed at the same position and at an identical heat level setting. 
 
Although the problematic junction cannot be removed, unless a radically different 
data acquisition approach and/or sensors are implemented, collecting, processing and 
amplifying the thermocouple voltages prior to the slip-rings diminishes the problem 
significantly, resulting in an improved acceptable level of accuracy. With the purpose 
of performing these actions a small PCB (4 cm x 10 cm), to be placed inside the 
hollow slip-ring shaft, was designed, manufactured, tested and accommodated within 
the set-up. Details of the PCB design are covered later in this chapter, in Section 
7.3.3. 
 
Another aspect that needs to be considered is the correct placement of the brushes on 
to the slip-rings themselves. It is fundamental that good smooth contact exists 
between the brushes and the slip-rings. For this, a good alignment is crucial, but so is 
the shaping on the actual brushes. Emery sandpaper, wrapped around the slip-rings 
against the brushes, can be used to shape every brush carefully, making sure they all 
have an equal and even contact surface with the slip-rings. The rotation of the slip-
rings against the brushes with time also helps to achieve this. In order to minimise 
the effect that inevitable uneven slip-ring brushes can have on the rotor thermocouple 
signals, all thermocouple readings are multiplexed and made through one slip-ring 
brush pair, as detailed in this chapter. 
 
Consideration was given to other data transmission systems, notably digitisation and 
radio transmission of the data, but that would still require a scheme very similar to 
that outlined here to perform the necessary signal conditioning before digitisation 
and transmission. As the available space was extremely limited, this simpler system 
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7.3.2  Rotor Thermocouple Processing PCB Operation 
 
In order to solve the thermocouple material junction problem described, a small 
electronics PCB is placed inside the slip-ring shaft, allowing a maximum PCB 
surface area of 4 cm x 10 cm. The PCB reads all 14 rotor winding thermocouples and 
processes them through several multiplexers. In addition to this, an amplification and 
noise filtering stage is also incorporated. A flow diagram of the electronic operations 
executed by the PCB is shown in Figure 7.17. 
 
As shown in Figure 7.17, the multiplexers, controlled by the logic stage, read each of 
the 14 rotor thermocouples in turn, whilst the amplification stage increases the 
magnitude of the resulting multiplexer differential voltage before it is sent though the 
slip-ring to the data acquisition system. Though the output signal is still susceptible 
to noise, the signal to noise ratio is significantly increased. Protection circuitry stops 
voltage spikes from saturating or damaging the multiplexers, and the inevitable 50 




Figure 7.17:  Flow diagram of rotor TC reading electronics. 
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A crucial function of the electronics stage is performed by the so-called ‘swapping’ 
multiplexer.  In order to remove slip-ring related temperature offsets, the operation 
outlined in Figure 7.18 is performed for every thermocouple reading. Two of the 
fourteen slip-rings are allocated to the thermocouple data output. These remain 
unchanged through the experimental stage to avoid introducing further offsets by 

























Figure 7.18:  Two positions of the ‘swapping’ multiplexer operation. 
In Figure 7.18, Vt is the thermocouple voltage, Vac is the resulting interference ac 
voltage that is generated on the thermocouple wires, V1 is the voltage drop/offset 
through slip-ring 1 (SR1), V2 is the voltage drop/offset through slip-ring 2 (SR2) and 
Vo is the resulting output voltage.  
 
The ‘swapping’ dotted lines represent the possible reading paths allowed by the 
‘swapping’ multiplexer. The ‘swapping’ multiplexer takes one reading with position 
1 and another with position 2 for every thermocouple measurement. 
 
The analysis of the circuit diagrams presented in Figure 7.18 shows the ‘swapping’ 
procedure operation to be as shown in Equations 7.1 to 7.2.  
 
12 VVVVVV actaco −−++=                                            (7.1)            
 
to VVVV +−= )( 12                                                                          (7.2) 
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Hence, Vo is obtained by the ‘swapping’ multiplexer for the two positions shown in 
Figure 7.19. This yields Vo1 and Vo2 as shown: 
 
)( 121 VVVV to −+=                             (7.3)                                               
 
)( 122 VVVV to −+−=                                                                    (7.4) 
 
Therefore, a simple multiplexer subtraction removes the unwanted voltage offset 
introduced by the slip-rings: 
 
too VVV 221 =−                                   (7.5)                                               
 
7.3.3  Rotor Thermocouple Processing PCB Design 
 
The PCB input and output information and operation outline is given in this section. 
Figure 7.19 illustrates the location within the PCB of the operational stages 
mentioned. The figure shows the final design model for the two separate PCBs 
before manufacture. Shown firstly is the input PCB and secondly the main 
processing PCB, where the multiplexing, amplifying and filtering takes place. The 
full circuit diagram for the rotor thermocouple processing PCB is presented in 
Appendix E. 
 
PCB inputs and outputs: 
 
- There are five input signals and two outputs to the PCB. 
- The power is supplied via three slip-rings, supplying -18V, GND and +18V. 
- The PCB driving digital logic data signals and clock signals are the other two 
inputs. 
- The two outputs are the processed thermocouple leads. 
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PCB operation outline 
 
The two PCBs shown are connected together via a plug/socket connection and held 
in place by two bolts, located at the two ends of the boards. Figure 7.19 shows the 
location of the different PCB stages mentioned in the operation outline. 
 
 Input PCB operation: 
 
- The fourteen rotor thermocouples are input to the top PCB at the far left 
connections. There are two other reference thermocouple signals monitored. 
A reference short circuit channel and an additional thermocouple input, used 
for the Junction Reference thermocouple presented in Section 7.3.6. 
- All thermocouples go through some initial filtering to remove some of the 
noise and the presence of Zener diodes prevents any possible voltage spikes 
from getting through and damaging any PCB components. 
- After this, all sixteen thermocouple signals are transferred to the main 
(bottom) PCB, via a plug/socket placed at the right of the boards. 
 
Main PCB operation: 
 
- Three voltage regulators are present, converting the ±18V supplied to the 
PCB to the required -15V, +5V and +15V.  
- Each one of the sixteen signals coming from the small input PCB is called by 
the two multiplexers in turn. 
- The two multiplexer outputs are fed into a third multiplexer which performs 
the ‘swapping’ action outlined earlier and which allows for the necessary 
subtraction operation to take place. 
- The three multiplexers are driven by the clock and logic data signals. 
- The two swapped and subtracted resulting thermocouple voltages are then 
called upon by the filtering and amplification operational amplifiers.  
- A multiple feedback low-pass filter is used to remove any unwanted 50Hz 
noise and its output is amplified by a sufficiently high gain of 300. 
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- The larger, cleaner voltage signals are then sent to the two allocated output 
slip-rings and to the data acquisition equipment via twisted pair, screened 




Figure 7.19:  Final design for thermocouple processing PCB. 
Once the outlined system was tested in isolation it was added to the system as shown 
in Figure 7.20. After the design, manufacture and implementation of the described 
PCB other minor, but critical, tasks and modifications were required in order to 
achieve an acceptable level of accuracy and consistency in the data recorded. These 
are presented in the following sections. 
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Figure 7.20:  Assembly and implementation of rotor thermocouple processing PCB. 
 
7.3.4  Data Acquisition Driving Code 
 
The data acquisition equipment needs to be carefully configured in order for all 
thermocouples to be recorded and processed accurately. This is particularly 
important for the rotor thermocouples, since the PCB amplification and filtering 
stages need to be accounted for. This was accomplished by initially testing the PCB 
operation in isolation. In a number of tests a thermocouple was placed in boiling 
water and the cool down mV/°C characteristic recorded.  One of the heat-runs 
performed is shown in Figure 7.21. From the results, a regression can be carried out 
to obtain the characteristics of a straight line presented in Equation 7.6, determining 
the gradient (m) and y-axis intercept (c) of the graphs.  
 
y = mx + cint                  (7.6) 
 
where m is the straight line gradient, cint the y-axis intercept, x the PCB output 
voltage (mV) and y the temperature (°C) linked to that voltage. 
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Figure 7.21 gives a gradient of 12.18 and a y-axis intercept of -303. All PCB test 
runs performed agree with these values, showing a consistent PCB operation and 
proving that m and cint values obtained can be implemented confidently in the data 
acquisition equipment code to compensate for the amplification stage and translate 
output mV values to °C temperatures. The complete data acquisition code utilised to 





























Figure 7.21:  PCB amplifier section characterisation. 
Furthermore, the rotor PCB running section of the data acquisition code sends in 
digital serial logic data and the required clock signal. This calls the binary address of 
each thermocouple multiplexer channel in turn. Each reading is sent to the third 
‘swapping’ multiplexer, also controlled by the data acquisition code, and 
subsequently stored for post processing. As explained previously, two readings are 
taken, subtracted and divided by two. These calculations are performed by the data 
acquisition code. In addition, in order to increase accuracy, one hundred readings 
were taken and averaged for each thermocouple every minute. In addition to this, 
readings that are over or under 10 % of the average were removed and the average 
recalculated, in order to remove any possible erroneous readings. 
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Stator and frame thermocouples do not need to be amplified and multiplexed since 
they do not go through the slip-rings and see no material junctions along the way.  
The average of five readings for each one of these thermocouples is taken and 
recorded every minute. 
 
7.3.5  Electrical and Electromagnetic Noise Considerations  
 
Electrical and electromagnetic noise considerations are important when dealing with 
thermocouple signals and efforts to reduce these, where possible, should be made. 
Thermocouple signals can be under 1 mV, making them extremely susceptible to 
noise. 
 
In order to remove as much of the 50 Hz noise produced by the generator rotating at 
1500 rpm, a low-pass filter stage is introduced in the rotor thermocouple reading 
PCB. Furthermore, to minimise the effects of the radiated electromagnetic noise, 
twisted pair, screened coaxial cables are used for both of the PCB signal cables at the 
important output channels.  Twisting the cables ensures both signals are affected by 
noise in an equal manner, whilst the grounded cable screening attempts to shield the 
signals carried from corrupting noise. In addition to this, the actual data acquisition 
equipment itself is enclosed in a shielding grounded metallic box, as shown in Figure 
7.22. The combination of these measures increases the smoothness of heat curves 




Figure 7.22:  Data acquisition equipment shielding box and cabling arrangements. 
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Even though these efforts successfully reduce the effect of the unavoidable noise on 
the system, noise is always present and awareness of its presence and effects is 
important. 
 
The fact that, as explained in Section 7.3.3, digital signals are utilised for the PCB 
driving channels, means that noise can be accepted to a certain extent by the signals. 
Figure 7.24 shows the logic data and clock PCB signals and the effect that noise has 
on them after all the noise shielding measures have been implemented. This can be 
compared with the clean logic signals shown in Figure 7.23. As shown, a very small 
distortion by the noise is observed, credited to the measures taken. Due to the digital 
nature of these signals, the system runs smoothly, with the correct multiplexer 
channels being recorded at the right time, even in the nosier scenario. 
 
 
Figure 7.23:  Clean logic data (top) and clock (bottom) signals. 
 
Figure 7.24:  Logic data (top) and clock (bottom) signals slightly affected by noise 
in final set-up.  
Prior to all the grounding and screening work described the logic data and clock 
signals were excessively affected by noise, with a very high risk of incorrect 
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multiplexer channels being read and data greatly corrupted throughout the 
experiment. A capture of the digital logic and clock signals prior to the anti-noise 





Figure 7.25:  Initial logic data (top) and clock (bottom) signals very affected by 
noise. 
It should be noted that an additional source of noise in the test rig set-up is the 
inverter drive that runs the induction machine. It introduces noise to the system when 
running, but the methods described in this section also help to reduce its effect.   
 
7.3.6  PCB Surface ‘Temperature Gradient’ Interference  
 
The original PCB design presented shows a slight, but significant, malfunction. This 
is worth explaining and noting for future designs, since it highlights the sensitivity of 
thermocouple systems. As shown in the PCB design in Section 7.3.3, originally all 
rotor thermocouples are soldered straight on to the far left end of the input PCB. The 
problem appears in the form of a temperature gradient across the PCBs when these 
are powered up, due to specific ICs heating up. The voltage regulators on the PCB 
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are located within a few millimetres of each other and across the sensitive 
thermocouple junctions. As a result of this, these junctions are heated up by the 
regulators in an unpredictable and uneven manner. Figure 7.25 illustrates the effect 
of this temperature gradient on the rotor winding thermocouple readings, when the 






























Figure 7.25:  PCB surface ‘temperature gradient’ problem. 
As soon as the PCB is powered, a thermal gradient develops across the PCB. The 
rotor thermocouple readings start exhibiting an offset. In order to firstly reduce the 
presented effect and secondly to account for it, the rotor thermocouple to PCB 
connections are modified. As shown in Figure 7.26, the final set-up has the 
problematic rotor thermocouple to copper solder junctions moved away from the 
PCB and out of the slip-rings shaft. The junctions are now collected together as 
shown, with a thermocouple (Junction reference thermocouple) placed in the middle 
of the junction bunch. By collecting all junctions together and with the additional 
thermocouple, the temperature of these junctions can be kept relatively constant and 
precisely monitored. Furthermore, a strong centrifugal fan is placed in front of the 
junctions, with the objective of keeping the junctions at a constant temperature as 
close to room temperature as possible in order to prevent unwanted unexpected 
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thermal junctions forming. Additionally, the centrifugal fan serves as an additional 
PCB precautionary cooling method. 
 
 
Figure 7.26:  Final thermocouple k-type material to copper junctions. 
An alternative to the approach described is to redesign the PCB layout making sure 
that no chips are near the thermocouple material to copper solder junctions. This 
applies in particular to those ICs generating the most heat, such as the voltage 
regulators. In this particular case this would be challenging given the reduced area 
available for the PCB and it would be difficult to make sure that a uniform 
temperature across all junctions is actually achieved. 
 
After this final set-up modification, the data acquisition equipment code was 
modified to accommodate for the system alteration, with rotor thermocouple readings 
no longer being taken directly unprocessed, but using Equation 7.7. 
 
VRotor Absolute   =   VRotor    –    VJunction Reference    +   VAmbient            (7.7) 
 
where VAmbient is the voltage resulting from a thermocouple at ambient temperature, 
VJunction Reference from the PCB reference thermocouple, VRotor from the specific rotor 
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thermocouple and VRotor Absolute is the resulting voltage that is used for determining 
actual rotor temperatures. 
 
By accommodating this alteration, the unpredictable effect of the thermally uneven 
junctions is removed and hence the rotor thermocouple reading accuracy increases.  
 
The final data acquisition code utilised during the experimental validation stage is 
presented in Appendix F. 
 
7.3.7  Test Rig Earthing and Grounding Critical Issues  
 
Test rig earthing and grounding issues are crucial. Ground loops and floating points 
need to be avoided, since all data acquisition equipment readings can be greatly 
affected by an earthing or grounding problem. In the occurrence of an earthing or 
grounding system set-up error, data is not corrupted in a regular predictable manner, 
making a post-testing correction impossible.  For this reason, these issues should be 
tackled very carefully before the testing program commences.  
 
 
Figure 7.27:  Important machine earth and ground connections. 
Experimental Programme Procedure   
 
 170 
The first action required in order to achieve a reliable common ground set-up is to 
connect the PCB, power supply and DAQ equipment grounds to the machine earth at 
several points, at both ends of the test rig, as shown in Figure 7.27. This provides a 
star ground connection system with all grounds coming back to a common point and 
connected to the 3-phase ground, being a consistent common ground. To make sure 
the system is completely immune to noise from other ground/earth paths and that no 
parallel ground paths resulted, an isolating transformer is placed between all test rig 
electronic equipment and the mains power supply. 
 
7.3.8  Vibrating Effect of Slip-Ring Brushes  
 
As a result of loading the synchronous generator the test rig inevitably vibrates, even 
when securely supported. This is specially the case for the higher end of the loading 
range considered in this investigation, where both the generator and motor are 
working the hardest. As a result of this, there is a higher chance of the slip-ring 
brushes momentarily not being in perfect contact with the slip-rings themselves. 
Consequently, a small number of readings could be affected and, even though these 
would be easily singled out during the analysis of the data collected or removed with 
the data acquisition code additions described in Section 7.3.4, it is worth taking 
measures to avoid this problem. With this in mind a 1 F polyester capacitor is 
connected between each PCB output slip-ring and ground. Hence, if the vibrations do 
cause the brushes to lose contact at the time of a particular reading the capacitors 
prevent the data transferred from being corrupted. This final set-up addition is shown 
in Figure 7.28, with the introduced 1 F capacitors clearly marked. 
 




Figure 7.28:  ‘Anti-vibration’ capacitor placed between PCB slip-rings and ground. 
 
7.3.9  Thermocouple Reading Consistency Test  
 
In order to be confident that all thermocouples are being recorded in a reliable 
consistent manner, all sensors are monitored for a significantly long period of time - 
3 hours in this case - to identify any thermal junction related anomalies.  
 
Figure 7.29 shows the temperature variation of all machine thermocouples with room 
temperature, as the laboratory’s ambient temperature increases. All measured 
electrical machine thermocouples vary in accordance with room temperature and no 
anomalies are noticed. 


























Figure 7.29:  Machine’s thermocouple room temperature 2.5 hour tracking 
consistency test. 
A second validation test is performed in which the cooling curve is monitored after a 
heat-run. Correct operation sees thermocouples cool down eventually to 
approximately the same temperature, namely ambient temperature. After two short 
heat-runs, the cooling curves presented in Figures 7.30 and 7.31 show that both the 
stator and rotor TCs converge, after a period of 3 to 5 hours. 



























































Figure 7.31:  Second TC validating cool-down curve. 
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It should be noted that rotor TCs recorded through the PCB do not exhibit as smooth 
a heat curve as the stator and frame TCs. This is to be expected given that rotor TC 
signals are amplified, filtered and passed through the slip-rings and several types of 
wiring. Regardless, a very good level of accuracy is achieved. The results presented 
and analysed in Chapter 8 show the correct operation of the system presented in this 
chapter.  
 
7.4  Experimental Limitations 
 
Several experimental limitations and reasonable assumptions are associated with the 
experimental stage presented. Due to the test installation and equipment available, 
these are unavoidable, but do not jeopardise or alter the objective of the experiments 
executed. However, they do need to be noted by the reader when utilising and 
interpreting the presented results.  
 
The main experimental limitations relate to the monitoring of the generator’s cooling 
airflow. Detailed airflow considerations and results are out with the scope of the 
thermal study performed. Due to the complicated nature of the through ventilating 
airflow this is an area that requires further work in the future. As presented and 
explained in Chapter 8, an uneven flow of air through the electrical machine, and 
particularly around the winding overhangs, is identified. This is an expected 
occurrence due to the non-symmetrical nature of the airflow inlets, the internal 
obstructions to this airflow and the effects that the revolving rotor has on the airflow. 
The data collected is sufficient for the purpose of this thermal investigation, but the 
use of airflow measuring equipment monitoring the air entering and leaving the 
generator vents would increase the information collected regarding this topic. 
Furthermore, detailed computational fluid dynamics could be used to understand the 
abnormalities of the airflow along the axial length of the generator.  
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An additional source of limitations relates to the measuring equipment and methods 
implemented. As detailed in Chapter 3, MySolver machine operational losses are 
calculated utilising the rotor and stator winding data collected during the heat-runs. 
Hence, it is important to make sure that this data is reliable and as accurate as 
allowed by the measuring equipment available to the user. The necessary field 
current and voltage are accurately monitored utilising the multimeter indicated in 
Section 7.2.6. These readings are further validated by the use of a power analyser. 
This is similarly performed for the armature current, but the armature resistance per 
phase needed to calculate stator copper losses is more complicated to obtain. Also 
using a multimeter, a stator phase resistance reading is taken from the machine’s 
armature as soon as the machine is turned off after each one of the heat-runs 
performed, to ensure that the steady-state machine temperature does not fall. In order 
to increase confidence in the data collected, these readings were repeated a number 
of times. The resulting data, used in the thermal modelling, is presented in Section 
7.5. Other necessary readings during the investigation, for kW loading, machine rpm 
and torque are accurately collected by the torque transducer and power analyser used. 
 
Finally, the operational scenarios available for MySolver validation are restricted by 
the operational range of the induction motor drive system. The availability of a 
higher rated induction motor would allow for overload heat-runs to be investigated 
and the use of an inductive load bank for the analysis of non-unity power factor 
operational conditions. These are both out with the scope of the work performed, but 
are areas in which future work on this topic could focus. 
 
7.5  Experimental Test Rig Operation Validation Run   
 
Validation runs are carried at three kW loadings, 5 kW, 12 kW and 18 kW, in order 
to evaluate the performance of the experimental test rig layout described in this 
chapter and to ensure the repeatability of results. As shown in Table 7.2, very close 
agreement is observed for the three validation runs performed. The results presented 
indicate a consistent test rig heat-run operation and highlight the validity of the 
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results obtained to thermally characterise the synchronous generator analysed and 
validate the MySolver thermal modelling tool. These results are presented and 
analysed in Chapter 8.  
 
 Stator Temperature Rise (°C) Rotor Temperature Rise (°C) 
Loading (kW) Average Peak Average Peak 
5.25 18.08 21.61 18.34 20.95 
5.24 18.39 21.89 18.51 20.88 
12.26 35.69 44.61 29.26 32.68 
12.67 38.00 46.75 29.95 33.40 
18.38 73.47 90.59 51.01 56.88 
18.49 73.60 90.46 50.99 56.47 
Table 7.2:  5 kW, 12 kW and 18 kW validation heat-run results. 
 
7.6  Chapter Summary  
 
The experimental test rig constructed for the thermal analysis of the Cummins 
Generator Technologies synchronous machine is presented in this chapter, along with 
the equipment required to perform the investigation. The complications in setting up 
the test rig, particularly regarding the extraction of the thermal data collected from 
the rotor, are presented and analysed in detail. The necessary rotor thermocouple 
reading PCB is presented and the details of its design, manufacture and test rig 
integration are covered. Finally, the correct operation of the assembled test rig is 
illustrated and the system is shown to be appropriate for the thermal study to be 
undertaken.






Experimental Validation Results 
 
8.1  Experimental Synchronous Generator Thermal Results  
 
Utilising the test rig setup and experimental instrumentation presented in Chapter 7 
the Cummins Generator Technologies BCI184E synchronous generator is tested for a 
wide range of operational loads, ranging from 5kW to 20kW. The heat-run results 
obtained are presented in this chapter. These results provide detailed insight into the 
thermal distribution of the electrical machine and serve as a way to validate the 
lumped parameter models utilised by MySolver, presented in the Chapter 6. Steady-
state temperature results are presented in detail in Section 8.1.1, which are very 
important for a machine designer. All machine steady-state temperatures need to be 
well understood so that the thermal limit of important machine components is not 
exceeded. In particular, the winding insulation thermal limits should be very 
carefully considered, and the thermocouples located within the stator and rotor 
windings provide the information required. Furthermore, the complete transient heat 
curve results are presented in Section 8.1.2. Actual experimental kW loading values 
for each test performed and winding meter readings are tabulated in Table 8.1. 
 
Test loading (kW) Armature V (V) Armature I (A) Field V (V) Field I (A) 
5.25 416.3 7.1 10.5 13.8 
8.20 415.7 11.0 11.8 15.3 
10.28 415.2 14.1 12.9 16.6 
12.26 415.0 16.6 14.6 18.2 
14.17 414.8 19.7 15.8 19.5 
16.52 415.2 23.0 18.2 21.8 
18.38 415.1 25.8 20.4 23.2 
23.67 414.8 28.7 22.1 25.0 
Table 8.1:  Experimental kW loadings and winding voltage/current information. 
 
Experimental Validation Results   
 
 178 
8.1.1  Steady-State Temperature Rise Results and Analysis  
 
The steady-state temperature rise results presented in this section are taken with 
respect to the laboratory’s ambient temperature. Results are divided into the specific 
machine sections examined to ease thermal comparison between the range of loads 
applied to the synchronous generator. The highest winding temperature rise is 
recorded for the stator overhangs, due to the elevated armature current resulting in 
high losses and the lack of an effective conduction heat transfer mechanism. The 
rotor winding higher temperatures are observed at the lagging pole half side of the 
lamination. These results are presented and detailed in this section. 
 
Stator Winding Overhangs  
 
The stator drive-end (DE) and non-drive-end (NDE) winding overhang temperatures 
are monitored and the results for the loadings considered are presented in Table 8.2. 
The key included indicates the precise location of the thermocouples, presented in 
detail in Chapter 7.  
 
It is worth noting the uneven nature of the temperature distribution around the stator 
winding overhangs. This is most likely caused by the fact that the airflow entering 
the machine’s inlet does so in an uneven manner, with some sections of the 
overhangs experiencing better cooling than others. Due to the stationary nature of the 
stator windings, this uneven temperature distribution remains consistent throughout 
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S1 17.0 22.2 27.4 33.7 42.0 56.6 68.8 86.1 
S2 19.2 25.2 31.2 38.5 47.8 64.3 77.9 96.8 
S3 17.6 22.7 27.5 33.6 41.4 55.3 66.7 82.6 
S4 22.2 29.6 36.7 45.4 56.3 74.7 90.4 111.9 
S5 20.1 26.5 32.6 39.9 49.3 65.9 79.7 98.7 
S6 20.4 26.9 33.2 40.7 50.4 67.2 81.1 100.4 
DE average 19.4 25.5 31.4 38.7 47.8 64.0 77.4 96.1 
S7 14.1 18.4 22.7 27.9 34.7 47.2 57.3 72.0 
S8 13.6 17.6 21.6 26.4 33.1 44.7 55.2 69.8 
S9 17.9 23.8 29.4 36.5 45.6 61.3 74.7 93.1 
S10 20.1 27.5 34.5 43.0 53.8 72.0 87.6 109.0 
S11 19.2 25.6 31.8 39.2 48.7 65.7 79.6 98.9 
S12 18.2 24.5 30.5 37.9 47.3 63.9 77.6 96.7 





Table 8.2:  Stator windings overhang steady-state temperature rise results. 
The average drive-end and non-drive-end stator winding overhang results are 
graphed in Figure 8.1. As shown, an ascending relationship is exhibited by the stator 
winding overhang temperature rise, with respect to the machine loading. As 
expected, the stator winding overhangs at the DE of the synchronous generator is 
consistently at a higher temperature than the NDE overhangs. The difference in 
average temperature between the two machine stator winding overhangs is 4.0 °C on 
average, but peaks at 6.2 °C for the highest loading tested. The higher DE overhang 
temperatures can be explained by the fact the NDE overhangs are exposed to the 
cooler air entering the machine air inlets. Although the DE overhangs are also cooled 
by this air flow, the air is warmer by the time it reaches the DE of the machine and is, 
therefore, less effective at cooling the DE overhangs. This is accentuated at the 
higher machine loads, where the cooling air flow warms up the most as it ventilates 
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the core length of the generator. This is further highlighted by the air flow 




























Figure 8.1:  Stator winding overhang DE and NDE average temperature rise. 
It is important to note that a clear problem is identified with the highest loading result 
presented in Figure 8.1, and in subsequent Figures 8.2, 8.5, 8.6, 8.11, 8.12 and 8.14 
in this chapter, where an unexpectedly low temperature rise is recorded. This is most 
likely caused by the failure of the induction motor, shown in Section 7.2, before the 
end of the mentioned heat-run. It was not possible to repeat a heat-run at this loading. 
For this reason, the results are presented in this chapter, but excluded from the 
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Stator Winding Slot Axial Core Length 
 
The temperature rise information recorded by the stator winding slot thermocouples 
is presented in Table 8.3. Averages for the complete slot at a particular kW loading 
and for each specific thermocouple across the complete kW loading range are also 
calculated and presented in the table.  
 




















S13 (DE) 19.2 24.6 29.9 36.4 44.6 59.5 71.6 88.6 46.8 
S14 19.2 24.5 29.7 36.1 44.3 59.0 70.9 87.7 46.4 
S15 18.9 24.0 29.0 35.2 43.0 57.3 68.7 85.0 45.1 
S16 18.3 23.3 28.2 34.2 41.9 55.8 67.0 82.9 44.0 
S17 (NDE) 17.5 22.3 27.1 33.0 40.4 54.1 65.0 80.6 42.5 





Table 8.3:  Stator winding slot steady-state temperature rise along axial core 
length. 
The average stator winding slot temperatures are graphed in Figure 8.2 with respect 
to the machine’s kW loading. Similarly to the results obtained for the stator winding 
overhangs, an ascending relationship is observed. It is interesting to note that the 
temperature rise recorded for all the thermocouples in the slots is lower than the 
winding overhang temperature rise average, for each specific loading test. This is 
explained by the fact that, when in the slot, the heat can be transferred away from the 
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winding by conduction through the stator laminations, as well as by convection to the 
ventilating airflow. On the other hand, overhangs can transfer heat by convection to 
the surrounding airflow and, more significantly, by conduction along the copper 






























Figure 8.2:  Average stator winding slot temperature rise. 
Another interesting result extracted from the test is the temperature distribution along 
the axial core length of the stator winding slot. For this, the five stator winding slot 
thermocouples averages are calculated across the complete kW loading range 
considered. These results are shown in Figure 8.3, with the stator thermocouple TC 
numbers referring to the thermocouple axial positions along the stator slot length 

































Figure 8.3:  Average stator winding slot thermocouple temperatures. 
As expected, the DE (TC 13) edge of the stator winding in the slot has a significantly 
higher temperature than the NDE. On average, this temperature difference is 4.3 °C 
in magnitude, as shown in Figure 8.3. This axial length thermal gradient peaks at the 
highest kW load tested, with a value of 8.0 °C. As with the stator winding overhang, 
this thermal difference along the core length of the synchronous machine is due to 
the fact that the NDE of the machine experiences a better cooling than the DE side 
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Stator Winding Slot Mid-Core Length Circumference  
 
The thermal results for the four thermocouples placed around the circumference of 
the stator lamination, within the winding stator slots in steps of 90°, are presented in 
the Table 8.4.  
 



















S15 18.9 24.0 29.0 35.2 43.0 57.3 68.7 85.0 
S18 19.3 24.7 30.0 36.5 44.8 59.6 71.8 88.8 
S19 22.0 28.7 34.9 42.5 52.1 68.9 82.6 101.7 
S20 20.6 26.9 32.9 40.2 49.4 65.7 79.0 97.6 











Table 8.4:  Stator windings slot steady-state temperature rise around lamination 
circumference. 
The average temperature results tabulated in Table 8.4 show a very similar variation 
with kW loading as those presented in Figure 8.1 for the overhang temperature 
distribution. Similarly to what is observed with the stator winding overhang, the 
results presented in Table 8.4 show an uneven temperature distribution around the 
circumference of the stator lamination at the axial centre of the machine’s core 
length. Again, this is explained by the uneven airflow paths, resulting in different 




Experimental Validation Results   
 
 185 
Rotor Winding  
 
The rotor winding thermocouple temperature rise results are shown in Table 8.5. The 
analysis of the rotor winding results performed in this section is split into the four 
rotor winding areas illustrated in Figure 8.4, to ease the presentation of the results. 
Areas 1 and 2 are the rotor winding areas along the rotor lamination core length, with 
Area 1 located in the lagging half of the rotor pole and Area 2 in the leading half of 
the pole. Furthermore, Areas 1 and 2 are analysed along the two thermal paths shown 
in the radial and axial directions, Area 3 covers the DE end rotor winding 
endwinding section and Area 4 the NDE endwinding segment.  
 
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Figure 8.4:  Rotor winding Area divisions to ease thermal analysis. 
It is crucial to acknowledge the direction of rotation, since this has a significant 
effect on the cooling of particular rotor sections and on the operational losses 
generated within the rotor, as shown later in this section and explained in Chapter 4. 
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R1 21.0 24.6 27.9 32.7 38.7 48.3 56.9 65.0 39.4 
R2 19.9 23.8 27.1 31.3 37.3 46.8 55.1 63.1 38.1 
R3 19.5 23.1 26.4 31.1 36.5 45.4 53.7 61.8 37.2 
Average 20.1 23.8 27.1 31.7 37.5 46.8 55.2 63.3 38.2 
R4 17.3 20.6 23.4 27.5 32.5 40.9 48.1 54.9 33.2 
R2 19.9 23.8 27.1 31.3 37.3 46.8 55.1 63.1 38.1 
R5 17.1 20.2 22.9 26.5 31.3 39.1 46.0 52.2 31.9 
Average 18.1 21.5 24.5 28.5 33.7 42.3 49.7 56.7 34.4 
R6 19.0 22.9 26.1 30.9 36.1 45.4 53.5 62.4 37.0 
R7 20.4 24.0 27.5 31.9 37.7 47.3 55.6 64.0 38.6 
R8 18.2 21.8 25.3 29.8 35.2 43.9 51.6 60.4 35.8 
Average 19.2 22.9 26.3 30.9 36.4 45.5 53.6 62.3 37.1 
R9 17.7 20.9 24.0 27.8 33.0 41.5 48.9 56.4 33.8 
R7 20.4 24.0 27.5 31.9 37.7 47.3 55.6 64.0 38.6 
R10 15.9 18.8 21.4 25.5 30.2 37.8 44.3 51.3 30.7 
Average 18.0 21.2 24.3 28.4 33.6 42.2 49.6 57.3 34.3 
R11 18.1 21.8 24.8 28.9 34.6 43.6 51.3 60.0 35.4 
R12 18.6 22.8 26.0 30.7 36.1 45.4 53.2 62.2 36.9 
Average 18.4 22.3 25.4 29.8 35.4 44.5 52.3 61.1 36.1 
R13 18.3 22.1 25.1 29.1 34.9 43.8 51.3 59.7 35.5 
R14 15.6 18.9 21.6 25.7 30.2 38.2 44.7 52.5 30.9 
Average 17.0 20.5 23.4 27.4 32.6 41.0 48.0 56.1 33.2 
Winding 
Average 
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Rotor Winding Areas 1 and 2 (Adjacent to Lamination Segments) 
 
Rotor winding temperature rise averages for thermocouples 1-3 and 6-8 are used to 
evaluate the effect on the temperature of the core length sections of the rotor winding 
with increasing kW load. The results are graphed in Figure 8.5. The previously 
established ascending relationship between winding temperature rise and kW loading 
is also observed here, but what is interesting is the consistent difference between the 
leading and lagging rotor winding sections. This temperature difference is on average 
1.1 °C in magnitude. Even though not a major temperature difference, this disparity 
highlights the importance of considering the rotational direction when performing 
machine thermal analysis. The thermal disparity between rotor winding Areas 1 and 
2 is accounted for by the fact that the leading half of the rotor pole experiences a 
better airflow exposure and hence a better cooling. Furthermore, as presented in 
Chapter 4, more machine operational losses are generated in the lagging half of the 

























TCs 1, 2 & 3 Average
TCs 6, 7 & 8 Average
 
Figure 8.5:  Rotor winding average temperature variation with kW loading. 
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Rotor Winding Areas 3 and 4 (Endwinding Sections) 
 
The temperature rise results for the rotor endwinding, encapsulated in Areas 3 and 4 
from Figure 8.4, are presented in Figure 8.6. The variation of the rotor endwinding 
temperatures with kW loading is very similar to that observed for the stator winding 
overhangs, shown in Figure 8.1. Figure 8.6 shows a significantly higher average 
temperature rise for the DE rotor endwinding. This thermal difference is on average 
2.9 °C, peaking at 5.0 °C for the highest kW loading tested. The reason for this 
thermal discrepancy is again the uneven airflow characteristics experienced by the 
two endwindings. The cooler, more direct, airflow hitting the NDE rotor endwinding, 
results in lower temperatures. This effect is apparent when focusing solely on Area 4, 
the NDE rotor endwinding. The two thermocouples placed in this section illustrate 





























Figure 8.6:  Rotor DE and NDE endwinding average temperature variation with kW 
loading. 
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Thermocouple R14, closest to the air inlet, records significantly lower temperatures 
than R13, which is just a few millimetres deeper in the rotor endwinding. This 
difference in temperature between the two thermal sensors is 4.6 °C on average, with 
a maximum of 7.2 °C. In fact, the inner NDE rotor endwinding thermocouple reads 
temperatures that are very close to the DE rotor endwinding temperature average, as 
shown in Table 8.5. These results highlight the effect and importance of airflow on 
the machine sections directly in the flow path. 
 
Rotor Winding Area 1 (Lagging Rotor Pole Half) 
 
Both rotor winding sections along the generator’s core length have four 
thermocouples located within the winding. This allows for an evaluation of the 
temperature distribution across this winding section both in the axial and radial 
directions. Shown in Figure 8.7 is the full kW loading range average temperature 
distribution along the axial length of the lagging rotor pole half of the rotor winding. 
The information, collected by rotor thermocouples R1 to R3 shows a thermal 
gradient between the DE and NDE sides of the rotor winding, which is on average 
2.2 °C. These thermal gradient results show the decreasing effectiveness of the 
cooling along the axial length of the winding from the NDE to the DE of the 
electrical machine. 
 
Analysing the average thermal distribution in the segment in the radial direction 
yields Figure 8.8. Rotor thermocouples R4, R2 and R5, shown in Figure 8.4, are 
utilised for this. It is interesting to note that the hottest point along a cross-section of 
the rotor winding at this axial core slice is at the centre of the winding, at R2’s 
location. This is due to the fact that the areas around rotor thermocouples R4 and R5 
can transfer heat away from the rotor winding through convection to the airflow and 
conduction to the rotor lamination respectively. The central fragments of the winding 
do not have these heat transfer mechanisms available and hence are at a higher 
temperature during machine operation.    
 























































Figure 8.8:  Average temperature distribution along radial length of rotor Area 1. 
Experimental Validation Results   
 
 191 
Rotor Winding Area 2 (Leading Rotor Pole Half) 
 
A similar study is performed on the leading rotor pole half of the rotor winding, 
covered by Area 2. The axial complete kW range average temperature distribution 
along Area 2 is presented in Figure 8.9. A temperature gradient along the axial length 
of Area 2 is also observed, but differently to the thermal distribution illustrated in 
Figure 8.7, this is not as close to a linear relationship and the hottest axial position is 
around the axial centre of the rotor winding. This is the leading side of the rotor pole, 
which is highly influenced by the airflow. As a result of this, lower winding average 
temperatures result, but also, uneven airflow paths cool the leading half of the rotor 
pole winding in an irregular non-linear way, as shown in Figure 8.9. This uneven 
airflow cooling is also observed around the rotor and stator endwindings, as 


























Figure 8.9:  Average temperature distribution along axial length of rotor Area 2. 
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The analysis in the radial direction of Area 2 is presented in Figure 8.10, utilising 
thermocouples R9, R7 and R10 shown in Figure 8.4. Mirroring the radial 
temperature distribution of the lagging rotor winding section presented in Figure 8.8, 
the cooler rotor winding sections in Area 2 are also around the winding edges. Again, 
this is attributed to convection to airflow and conduction to rotor lamination heat 
transfer paths that exist around R9 and R10 respectively, but not at the central 
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Rotor Winding Average  
 
Finally, the overall rotor winding average temperature variation with respect to 
generator kW loading is presented in Figure 8.11. As with the stator winding 
temperature variation with kW loading, shown in Figure 8.2, a rising relationship is 
observed. Higher kW loadings result in increased machine losses which are harder to 
transfer away from the machine through conduction, convection and radiation, 
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External Thermocouple  
 
The external thermocouples presented in Chapter 7, Figure 7.8, are monitored and 
the results are displayed in Table 8.6. These cover the thermocouples placed along 
the axial length of the generator frame, the feet, the AVR box and the through 
ventilating air temperature rise.   
 





















F1 5.9 6.2 6.4 6.5 7.0 8.4 9.1 11.1 7.6 
F2 6.0 6.5 6.7 7.0 7.6 9.2 10.2 12.5 8.2 
F3 5.8 6.4 6.7 7.0 7.7 9.7 10.6 13.0 8.4 
F4 6.7 7.3 7.8 8.3 9.2 11.9 12.7 15.2 9.9 
Average 6.1 6.6 6.9 7.2 7.9 9.8 10.7 13.0 - 
F5 4.3 4.6 4.9 5.1 5.5 7.4 7.8 9.8 6.2 
F6 4.6 4.9 5.2 5.5 6.0 7.8 8.4 10.3 6.6 
F7 4.7 5.0 4.7 4.6 4.8 6.0 6.5 10.2 - 
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Frame Axial Length  
 
The four thermocouples placed along the axial length of the generator, displayed in 
Table 8.6, are monitored. The variation in steady-state average temperature of 
external thermocouples F1 to F4, with respect to kW loading of the generator, is 
shown in Figure 8.12. As expected, the higher kW loadings yield higher average 
frame temperatures. These results are in agreement with the results obtained from the 
internal winding thermocouples presented in this chapter. The frame average 



























Figure 8.12:  Average generator frame temperature rise. 
Another important result to be extracted from this set of frame thermocouples is the 
actual frame thermal variation along the axial length of the generator frame. 
Temperature averages for the four thermocouples are calculated for this, for the 
complete kW loadings considered. These results are presented in Figure 8.13. The 
chart presents a temperature gradient of 2.3 °C, with a maximum difference between 
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F1 and F4 of 4.1 °C being recorded for the 20 kW heat-run. As shown, the two 
middle thermocouples exhibit a very similar average temperature. On the other hand, 
similarly to the previously examined generator winding overhangs, the NDE F1 has a 
lower than average temperature of 7.6 °C and the DE F4 a noticeably higher than 


























Figure 8.13:  Frame average temperature distribution along the axial length. 
 
Feet and AVR Box 
 
The generator feet (F5) and AVR box (F6) thermocouple temperature monitoring 
results are presented in Table 8.6. They present similar thermal characteristics, with 
average temperature rises of 6.2 °C and 6.6 °C respectively, and maximum 
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Through Ventilation Airflow temperature Rise  
 
Using the generator air inlet and outlet thermocouples, F7 and F8, the through 
ventilation airflow temperature rise is determined for all kW loadings tested. These 
results are presented in Figure 8.14. The results reveal a significant increase in 
through ventilation airflow temperature rise with increasing kW loading. An average 
airflow temperature rise of 10.6 °C is recorded, ranging from a 5.6 °C for the lowest 
5 kW loading tested to 17.6 °C for the highest 20 kW loading. Figure 8.14 reveals a 















































Figure 8.14:  Through ventilation airflow temperature rise. 
The results presented in this section provide detailed insight on the thermal 
distribution across the most important parts of the synchronous generator once 
thermal steady-state is reached. These results are important to consider when 
designing an electrical machine, since they pinpoint the hotter sections of the 
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machine which are most likely to have an impact on the insulation. The results allow 
machine thermal designers to focus their efforts on these areas to try and reduce 
component temperatures where and when necessary, depending on specific machine 
operation and demand. In addition to this, the results presented serve as an ideal 
method to validate the models utilised in the MySolver thermal modelling package. 
This validation process is presented in Section 8.2.   
 
8.1.2  Transient Temperature Rise Results and Analysis  
 
The full heat curve transient results for the 18kW load test are presented in this 
section, because it is a realistic loading at which the generator could be run for a 
significant amount of time in industrial operations. Furthermore, as explained in 
Section 7.4, the induction motor in the experimental test rig does not allow for higher 
loadings to be tested for extended periods of time. In addition to this, machine losses 
and airflow implications are most significant at the higher end of the loading scale. 
The important steady-state temperature results are fully presented and analysed in 
Section 8.1.1 and the purpose of this section is to present the transient progression of 
the generator thermocouples as they reach steady-state temperature. Rotor winding 
and stator winding transient temperature results for the 18kW heat-run are presented 
in Figures 8.15 to 8.20.  
 
The thermal time constant, for both the rotor and the stator, can also be extracted 
from the information presented in Figures 8.15 to 8.20. It is interesting to note that 
the rotor time constant - 20 minutes - is noticeably longer than the stator time 
constant -12 minutes. In order for a thermal modelling package to perform transient 
simulations accurately, specific rotor and stator time constants need to be considered 
and relevant specific heat capacity data adjusted and validated, as explained in 
Section 3.8. 































































Figure 8.16:  18kW load rotor thermocouples 6 to 10 transient results. 









































































Figure 8.18:  18kW load stator thermocouples 1 to 12 transient results. 






































































Figure 8.20:  18kW load stator thermocouples 15 and 18 to 20 transient results. 
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8.1.3  Thermal Camera Verification 
 
A Cepid Titanium DCO19U-B thermal camera was used as an additional method to 
verify the external thermocouple frame results collected.  Figure 8.21 shows the 
steady-state thermal distribution of the synchronous generator when running a 20 kW 
load, at a laboratory room temperature of 24.9 °C. As shown the thermal capture 
results obtained agree closely with the thermocouple data tabulated in Table 8.6, with 
temperature along the axial length covered by frame thermocouples F1 to F4 ranging 
from 36.0 °C to 40.1 °C absolute temperature. Additionally, Figure 8.21 identifies 
the generator’s drive-end end-cap as being the hottest external section, which a 




Figure 8.21:  Generator thermal camera 20 kW steady-state temperature capture. 
 
8.2  Validation of MySolver Thermal Models  
 
The steady-state and transient temperature results presented in Section 8.1 are used to 
validate the MySolver thermal analysis tool presented in Chapter 6. This validation 
process is detailed in this section. 
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8.2.1  Steady-State MySolver Performance Validation  
 
The thermocouples used to match MySolver lumped parameter thermal nodes are 
illustrated in Table 8.7 for the rotor and the stator. Rotor MySolver lumped 
parameter thermal network nodes a presented in Figures 3.3 (Section 3.3) and 3.14 
(Section 3.5.1) and machine rotor winding TC locations are illustrated in Figure 7.6 
in Section 7.2.1. Similarly, Stator MySolver lumped parameter thermal network 
nodes are presented in Figures 3.7 (Section 3.4) and 3.17 (Section 3.5.2) and 
machine stator winding TC locations are illustrated in Figures 7.3 and 7.5 in Section 
7.2.1. 
 
Rotor  Stator 
MySolver node Machine TC  MySolver node Machine TC 
a1 R3  a1 S17 
b1 R2  b1 S15 
c1 R1  c1 S13 
d1 R13 & R14  d1 S7 to S12 
e1 R11 & R12  e1 S1 to S6 
a3 R8  a2 S17 
b3 R7  b2 S15 
c3 R6  c2 S13 
Table 8.7:  MySolver node to machine thermocouple matching. 
Tables 8.8 to 8.11 compare the steady-state temperature predictions obtained using 
MySolver with the experimentally obtained data presented in Chapter 8. Rotor and 
stator MySolver generated machine temperatures are compared with the 
experimental values and magnitude errors (°C) are calculated for each MySolver 
thermal network node presented. Tables 8.8 and 8.9 focus on the 18 kW heat-run 
performed, looking at all possible lumped parameter thermal network and 
experimental thermocouple reading comparisons. Similar tables for all ratings tested 
are collected in Appendix G. Results for the complete kW load testing range are 
summarised in Table 8.10 for the rotor and 8.11 for the stator. 
 
Average errors are graphed in Figures 8.22 and 8.23, illustrating MySolver’s 
accuracy level across the complete kW loading range, for both the rotor and stator.  
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It is important to note that when making rotor and stator endwinding temperature 
comparisons, all available endwinding experimental thermocouples are averaged for 
the DE and NDE areas separately and used in the validation process. 
 
Actual kW load tested: 18.38 kW 
MySolver Node MySolver (°C) Experimental (°C) Error (°C) 
a1 50.28 53.71 - 3.43 
b1 51.34 55.06 - 3.72 
c1 53.05 56.88 - 3.83 
d1 51.25 47.99 + 3.26 
e1 56.46 52.25 + 4.21 
a3 50.05 51.58 - 1.53 
b3 51.06 55.61 - 4.55 
c3 52.80 53.47 - 0.67 
Average (°C) 52.04 53.32 - 1.28 
Table 8.8:  18 kW loading MySolver rotor thermal network validation. 
Actual kW load tested: 18.38 kW 
MySolver Node MySolver (°C) Experimental (°C) Error (°C) 
a1 66.83 65.02 + 1.81 
b1 67.83 68.74 - 0.91 
c1 69.20 71.56 - 2.36 
d1 69.10 71.98 - 2.88 
e1 71.92 77.41 - 5.49 
a2 71.05 65.02 + 6.03 
b2 72.31 68.74 + 3.57 
c2 72.70 71.56 + 1.14 
Average (°C) 70.12 70.00 + 0.12 
Table 8.9:  18 kW loading MySolver stator thermal network validation. 
Loading (kW) MySolver (°C) Experimental (°C) Error (°C) 
5.25 19.32 19.17 + 0.15 
8.20 22.87 22.88 - 0.01 
10.28 26.25 26.13 + 0.12 
12.26 31.28 31.27 + 0.01 
14.17 35.61 36.17 - 0.56 
16.52 44.35 45.32 - 0.97 
18.38 52.04 53.32 -  1.28 
20.39 60.11 61.74 - 1.63 
Table 8.10:  Rotor MySolver thermal network steady-state average temperature 
validation. 
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Loading (kW) MySolver (°C) Experimental (°C) Error (°C) 
5.25 18.59 18.46 + 0.13 
8.20 24.07 23.80 + 0.27 
10.28 29.66 28.99 + 0.67 
12.26 35.52 35.35 + 0.17 
14.17 44.42 43.49 + 0.93 
16.52 56.73 58.11 - 1.38 
18.38 70.12 70.00 + 0.12 
20.39 86.68 86.80 - 0.12 
Table 8.11:  Stator MySolver thermal network steady-state average temperature 
validation. 
As shown in Tables 8.8 to 8.11, a very acceptable level of agreement is achieved 
between MySolver and experimental results. For the complete kW loading range 
analysed, the vast majority of the nodal comparisons are within ± 5 °C, with only 6 
of the 128 nodal comparisons being slightly over this limit. Rotor MySolver thermal 
predictions have an error of  ± 1.96 °C on average, whilst the stator has an error of ± 
2.27 °C, giving an overall °C error of ± 2.12 °C. Five out of the six of the 
temperature comparisons over ± 5 °C relate to the modelling of the stator overhang 
section, which is modelled slightly less accurately by the MySolver modelling tool. 
As shown in the stator winding overhang results for the stator in this chapter, this is a 
very difficult area to model accurately with a lumped parameter network, given the 
wide range of temperatures recorded by the overhang thermocouples and the uneven 
airflow through the machine. With regards to modelling the rotor, the endwinding 
segment is also the hardest area to achieve a high accuracy in, due to the irregular 
airflow mentioned. 
 
Figures 8.22 and 8.23 show good correlation between MySolver and the 
experimental results across the whole ranges of machine loads considered.  
 



















































Figure 8.23:  MySolver steady-state stator lumped parameter network average °C 
error. 
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8.2.2  Transient MySolver Performance Validation  
 
In order to evaluate the transient performance of MySolver, temperature comparisons 
are made between MySolver predictions and experimental data 30 minutes into each 
heat-run. The results obtained are summarised for the rotor and stator in Tables 8.12 
and 8.13 respectively. Results are graphed in Figures 8.24 and 8.25. Furthermore, to 
compare predictions along the complete heat up curve, a full transient graphical 
comparison between MySolver predictions and experimental data for the 18 kW 
loading is presented in Figures 8.26 to 8.31. Full transient results for the complete 
kW loading range are collected in Appendix G.  
 
Loading (kW) MySolver (°C) Experimental (°C) Error (°C) 
5.25 14.51 15.15 - 0.64 
8.20 17.36 17.62 - 0.26 
10.28 20.06 20.02 + 0.04 
12.26 24.14 24.51 - 0.37 
14.17 27.57 28.19 - 0.62 
16.52 34.33 34.03 + 0.30 
18.38 40.42 39.70 + 0.72 
20.39 46.77 46.20 + 0.57 
Table 8.12:  Rotor MySolver thermal network transient average temperature 
validation. 
Loading (kW) MySolver (°C) Experimental (°C) Error (°C) 
5.25 15.87 15.65 + 0.22 
8.20 20.85 20.59 + 0.26 
10.28 25.70 25.30 + 0.40 
12.26 31.27 31.39 - 0.12 
14.17 39.41 38.53 + 0.88 
16.52 50.20 50.72 - 0.52 
18.38 62.39 60.58 + 1.81 
20.39 76.86 74.66 + 2.20 
Table 8.13:  Stator MySolver thermal network transient average temperature 
validation. 
Across the complete kW loading range considered, an overall average error of ± 1.92 
°C is obtained for these temperature comparisons. In this case, the rotor results show 
an average ± 1.72 °C error (± 1.96 °C at steady-state), whilst the stator results show a 
± 2.12 °C average error (± 2.27 °C at steady-state). These results give confidence in 
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the use of MySolver across the complete kW loading range, in both steady-state and 

















































Figure 8.25:  MySolver transient stator lumped parameter network average °C 
error. 
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Figures 8.26 to 8.31 display the rotor and stator complete heat curve temperature 
comparison between MySolver predictions and experimental data for the 18 kW 
heat-run performed.  
 
With respect to the rotor, as shown in Figure 8.26, a very good average temperature 
agreement is achieved by MySolver, in comparison with experimental results. As 
shown in Table 8.8, an acceptable rotor steady-state temperature difference of 1.28 
°C results between experimental and calculated results, but also a close correlation is 
observed for the 2.5 hours monitored. However, shown in Figure 8.27, MySolver’s 
rotor node b1 transient thermal variation has a final discrepancy of 3.72 °C, but the 
agreement along the heat curve is sufficiently close. Also, shown in Figure 8.28, are 
the results for MySolver node a3 at the other end and at a different depth within the 



























Figure 8.26:  18 kW heat-run rotor average temperature rise complete transient 
comparison. 

























































Figure 8.28:  18 kW heat-run rotor a3 node temperature rise complete transient 
comparison. 
Experimental Validation Results   
 
 211 
Figures 8.29 to 8.31 focus on the stator 18 kW heat-run transient agreement. As with 
the rotor results, a very good level of agreement is presented, both for the average 
temperature predictions computed and for the individual node results presented. The 
important aspect is that transient results do not reveal any simulation problems that 
are undetected by the steady-state thermal study. The stator transient simulations 
presented show an agreement level on a par with the steady-state results obtained, 





























Figure 8.29:  18 kW heat-run stator average temperature rise complete transient 
comparison. 






























































Figure 8.31:  18 kW heat-run stator c2 temperature rise complete transient 
comparison. 
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8.2.3  Duty-Cycle Performance Validation  
 
Duty-cycle simulations are also carried out and MySolver temperature predictions 
compared with experimentally obtained data. Three-step duty-cycle tests are 
performed, running three kW loadings for periods of 45 minutes. These simulations 
are very important in order to evaluate MySolver transient performance. An 
inaccurate transient operation results in errors accumulating along the different 
stages of the duty-cycle simulation, resulting in an accentuated final error. On the 
other hand, if the transient operation of the MySolver models is correct and the 
model time constants and structures are accurate, final duty cycle temperatures will 
be in agreement with the standard heat-run steady-state results presented in this 
chapter. The results for the 5 kW-10 kW-16 kW, the 16 kW-10 kW-5 kW and the 12 
kW-5 kW-10 kW duty cycle tests are presented in this section. Two additional duty-
cycle test results (5 kW-12 kW-10 kW and 12 kW-8 kW -12 kW) are included in 
Appendix I.   
 
5 kW – 10 kW – 16 kW Duty Cycle  
 
Results for the rotor are presented in Table 8.14 and for the stator in Table 8.15. Both 
sets of results are illustrated in Figure 8.32. As shown, good agreement between 
MySolver with experimental data is recorded for both the rotor and stator thermal 
predictions throughout the complete duty-cycle. No significant differences between 
the presented duty-cycle results and the previously analysed steady-state and 
transient thermal modelling results are observed. 
 




MySolver Experimental Error (°C) 
45 5.25 16.16 16.59 - 0.43 
90 10.31 24.37 25.46 - 1.09 
135 16.39 41.39 40.99 + 0.40 
Table 8.14:  5kW-10kW-16kW duty-cycle MySolver rotor validation results. 
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MySolver Experimental Error (°C) 
45 5.25 17.62 17.15 + 0.47 
90 10.31 29.17 29.02 + 0.15 
135 16.39 55.69 55.14 + 0.55 





























Figure 8.32:  5kW-10kW-16kW duty-cycle MySolver rotor and stator validation 
results. 
 
16 kW – 10 kW – 5 kW Duty Cycle  
 
The results for the 16 kW-10 kW-5 kW duty-cycle test are presented in Tables 8.16 
and 8.17 and illustrated in Figure 8.33. As with the previous duty-cycle run 
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MySolver Experimental Error (°C) 
45 16.42 37.76 37.79 - 0.03 
90 10.29 26.61 26.80 - 0.19 
135 5.24 20.38 20.09 + 0.29 
Table 8.16:  16kW-10kW-5kW duty-cycle MySolver rotor validation results. 




MySolver Experimental Error (°C) 
45 16.42 54.41 53.54 + 0.87 
90 10.29 30.43 30.46 - 0.03 
135 5.24 19.01 18.35 + 0.66 
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12 kW – 5 kW – 10 kW Duty Cycle  
 
Finally, the results for the 12 kW-5 kW-10 kW duty-cycle test are presented in 
Tables 8.18 and 8.19 and illustrated in Figure 8.34. 
 




MySolver Experimental Error (°C) 
45 12.28 26.45 26.68 - 0.23 
90 5.25 19.40 19.31 + 0.09 
135 10.30 25.39 25.42 + 0.03 
Table 8.18:  12kW-5kW-10kW duty-cycle MySolver rotor validation results. 




MySolver Experimental Error (°C) 
45 12.28 33.90 34.66 - 0.76 
90 5.25 19.10 19.08 + 0.02 
135 10.30 29.24 28.58 + 0.66 































Figure 8.34:  12kW-5kW-10kW duty-cycle MySolver rotor and stator validation 
results. 
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8.3  Chapter Summary  
 
The thermal results obtained during the experimental stage have been presented in 
this chapter. The full thermal characterisation of the Cummins Generator 
Technologies BCI184E machine is presented, using the multiple thermocouples 
placed within the rotor and stator windings and around the external sections of the 
generator. The stator winding overhang is identified as being the hottest section of 
the machine, with the non-symmetrical natural of the rotor thermal distribution 
highlighted. The through ventilating airflow cooling implications and its effect on the 
heat transfer mechanisms of the different machine segments are discussed and its 
effect of the thermal distribution across these segments presented. 
 
The application of the thermal steady-state and transient results obtained to validate 
the MySolver thermal models presented in Chapter 3 is covered. A very close 
agreement is observed between the two sets of results, with the majority of nodal 
temperature comparisons under ± 5 °C absolute temperature error. As presented, this 
is the case for steady-state, transient and for the duty-cycle simulations executed. 
Full details on how the validation process is carried out are covered in this chapter. 
Concluding the analysis of the results is the identification of the MySolver modelling 
package as an adequate synchronous machine thermal modelling tool, with 
satisfactory results exhibited throughout all validated simulations covered.  






Evaluation and Discussion 
 
9.1  Introduction 
 
The performance of the newly developed lumped parameter thermal modelling tool, 
MySolver, is analysed in Chapter 8, with both steady-state and transient results 
presented and examined. The results established in the mentioned chapter and all 
other relevant aspects examined in this thesis are brought together in this chapter and 
assessed collectively, with the objective of evaluating lumped parameter thermal 
modelling as an appropriate synchronous generator thermal modelling tool, 
highlighting and discussing its current weaknesses. 
 
9.2  Lumped Parameter Thermal Modelling Evaluation 
 
The results presented in Section 8.1 illustrate the experimentally obtained, real 
thermal characteristics of a synchronous generator for a wide range of loading 
scenarios. In Section 8.2, these results are subsequently utilised to evaluate in detail 
MySolver’s performance as a thermal modelling tool, with thermocouple readings 
compared with lumped parameter network nodal temperature predictions. In this 
section, specific aspects of MySolver’s lumped parameter thermal modelling 
technique for particular machine parts are discussed and results are evaluated. These 
help to reach the conclusions on MySolver’s performance, as an electrical machine 
thermal modelling tool, presented in the concluding thesis Chapter 10. Evaluations 
made in this chapter mainly utilise the steady-state temperature results, but the issues 
raised apply to lumped parameter transient thermal modelling in an equal manner. 
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It should be noted that, from the experimental validation results in Chapter 8, 
problematic aspects needing further evaluating and discussion are covered in this 
section. However, detailed analysis of the CGT synchronous generator’s temperature 
distribution and MySolver’s full thermal prediction performance, particularly those 
showing a good agreement, are only covered in Chapters 7 and 8, and not in this 
chapter. 
 
It is important to note that the conclusions drawn in this thesis are based on 
MySolver’s ability to model synchronous generators accurately. As explained in this 
thesis, the lumped parameter thermal modelling principles presented are applicable to 
other machine types, from other manufacturers, and MySolver has the flexibility to 
accommodate the geometric, power loss and airflow related alterations required for 
this. 
 
9.2.1  Uneven Airflow Effects on Lumped Parameter Thermal Modelling 
 
A very interesting result affecting lumped parameter thermal modelling is shown in 
Table 8.2 (Section 8.1.1), where the uneven nature of the airflow cooling the 
electrical machine investigated is apparent. The stator overhangs results in Table 8.2 
show significantly different steady-state temperatures along the radial circumference 
of the stator lamination, clearly highlighting the presence of through ventilating 
airflow obstructions and uneven cooling airflow paths along the axial length of the 
electrical machine. For example, for the 18.38 kW loading test an average drive-end 
stator winding overhang temperature rise of 77.4 °C is recorded, but individual 
thermocouple readings of 66.7 °C and 90.4 °C are monitored, illustrating the range of 
resulting temperatures mentioned. This behaviour is observed for the complete range 
of kW loadings considered during the experimental stage. In a similar way, such a 
disturbed airflow pattern will also be affecting the rotor endwindings for the same 
reasons, complicating its thermal modelling equally. 
 
The findings presented in Table 8.2 indicate that the stator winding overhangs and 
rotor endwinding are the hardest machine parts to model using MySolver, since 
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clearly severe complications exist when trying to model these sections utilising a 
lumped parameter thermal network. As a result, as shown in Tables 8.8 and 8.9 
(Section 8.2.1), MySolver in not very accurate when predicting average temperatures 
for these electrical machine segments, over-predicting rotor endwinding temperatures 
and under-predicting stator overhang temperatures, although mostly of these 
temperature errors are under ± 5 °C (see Appendix G). The problem described is 
particularly significant when modelling industry standard electrical machines that are 
not fitted with winding thermocouples, which can serve as a calibrating device to 
account for the previously mentioned unknown uneven airflow paths. Even if such 
thermal sensors are present in the windings, a complicated calibrating process to 
achieve a high winding overhang/endwinding accuracy level would defeat the 
objective of a lumped parameter thermal modelling tool, where a user friendly quick 
feedback package is desired. It must be noted that the results extracted from Section 
8.1 apply exclusively to the CGT BCI184E specially modified prototype alternator 
investigated in this thesis. Therefore, it is probable that this obvious uneven airflow 
through this particular synchronous machine is not as significant in other electrical 
machines, removing or reducing the problems associated with modelling the stator 
winding overhangs and rotor endwinding machine parts using lumped parameter 
thermal networks. 
 
Evaluating the relevant results obtained and the discussion presented in this section, 
it is recommended for the current lumped parameter thermal network stator winding 
overhangs and rotor endwinding temperature predictions to include a safety margin 
which, as the selected results at the start of this section show, might need to be as 
high as approximately ± 10 % of the computed temperature, to account for the 
highest and lowest temperatures presented in Table 8.2. For electrical machines 
proven to not have through ventilation airflow obstructions this safety margin can be 
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9.2.2  Lumped Parameter Thermal Modelling Airflow Aspects 
 
Further to the points raised in the previous section and for the same reasons, issues 
related to the prediction of the electrical machine to airflow heat transfer coefficients 
should be considered. As presented in Section 3.6, the required heat transfer 
coefficients are calculated utilising well established correlations and data provided 
by the synchronous machine supplier. Unfortunately, these heat transfer coefficients 
do not account for the uneven airflow that exists and will, therefore, have an error 
associated with them. As outlined in the future work section in Chapter 10, further 
work on these through ventilating airflow paths will provide the necessary insight to 
compute the synchronous machine airflow heat transfer coefficients more accurately 
and remove any adjusting coefficients, such as the Xhc coefficient presented in 
Section 3.6. 
 
9.2.3  Electrical Machine Core Length Segments Thermal Modelling 
 
The uneven airflow issue mentioned in the previous sections in this chapter will 
inevitably have an effect on all electrical machine segment temperatures and their 
modelling. This is highlighted by the results shown in Table 8.4 (Section 8.1.1), 
where stator winding slot temperatures at four equally spaced points along the 
circumference of the stator lamination at the middle of the machine’s core length, 
show a range of steady-state temperatures. Even though the temperature range 
recorded is considerably smaller than that mentioned in Section 9.2.1, its effects will 
still have an impact on the machine thermal modelling and should be noted. Again, 
these results are attributed to the irregular airflow along the machine’s axial length, 
resulting in uneven stator lamination and winding cooling efficiencies. Such issues 
will also affect rotor lamination and winding temperatures. This effect is 
significantly less important in these sections along the core length, since the exposure 
to the airflow is smaller and, hence, its effect is reduced. 
 
From the results in Tables 8.8 and 8.9 (Section 8.2.1), and Appendix G, an 
acceptable agreement is observed between experimental data and lumped parameter 
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thermal modelling temperature results for the mentioned core length nodes. For the 
wide load range considered the error is less than ± 5 °C, indicating an acceptable 
agreement. For this reason, other than the suggested measures described in the 
previous sections, no other modifications are recommended to the lumped parameter 
thermal modelling technique.  
 
9.2.4 Modelling of the Rotor’s Non-Symmetrical Temperature 
Distribution 
 
As shown by the finite element analysis simulations presented in Chapter 4 and 
supported by the experimental results in Table 8.5 and Figure 8.5, in Section 8.1.1, a 
non-symmetrical temperature distribution exists across the rotor during the operation 
of a synchronous machine. As explained in Section 8.1.1 this is due to the fact that 
losses, mainly iron losses as reasoned in Chapter 4, are not generated uniformly 
across the rotor lamination and also due to the better cooling efficiency experienced 
by the leading half of the rotor pole. Thanks to the use of LCCs, developed in 
Chapter 4, MySolver correctly models the non-symmetrical nature of the temperature 
distribution across the rotor. As shown in Table 8.8, MySolver correctly predicts the 
lagging half of the rotor pole winding at a higher temperature than the leading half of 
the rotor pole winding. Furthermore, lumped parameter thermal network temperature 
predictions for rotor nodes four and six, shown in Figure 3.3 (Section 3.3), also agree 
with the mentioned non-symmetrical temperature distribution. 
 
As shown in Table 8.8, the difference in temperature between the leading and 
lagging rotor poles halves predicted by MySolver is smaller than that obtained 
experimentally via thermocouples. This is again linked to airflow modelling 
deficiencies, which have already been identified as the main area where further work 
is required. A better detailed understanding of exactly how much better the cooling 
experienced by the leading rotor pole half with respect to the lagging rotor pole half, 
would allow the heat transfer coefficients utilised by MySolver to account for this 
and, hence, improve the temperature predictions generated by the lumped parameter 
thermal models. 
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9.2.5  Armature Winding Double Layer Lumped Parameter Thermal 
Modelling 
 
As the results presented in Table 8.9 (Section 8.2.1) show, MySolver appears to 
struggle modelling the temperature difference that might exist between the two stator 
winding layers implemented in the CGT synchronous generator modelled. The lack 
of two thermocouples, one within each of the two stator winding layers, makes a true 
temperature comparison between the two winding temperatures predicted by 
MySolver and experimental readings not possible. This temperature comparison can 
only be made using the thermocouple placed between the two stator winding layers. 
For this reason, MySolver seems to be slightly under-predicting the temperature of 
the lower stator winding layer and over-predicting the upper winding layer, but that 
might not be the case, or not by the margin shown in Table 8.9, since the comparison 
is made against a thermocouple reading taken between the two stator winding layers. 
Hence, this is simply an area where, if required, further testing could be done with 
the addition of a second stator winding thermocouple and should not necessarily be 
seen as a weakness in the MySolver thermal modelling tool.   
 
9.2.6 Lumped Parameter Thermal Modelling Machine Average 
Temperatures 
 
The results presented in Tables 8.10 and 8.11 (Section 8.2.1) display the rotor and 
stator average steady-state temperature comparisons between MySolver predictions 
and experimentally obtained measurements. These are important results as they 
illustrate the overall effectiveness of MySolver when thermal modelling synchronous 
generators. Unless a generator needs to be pushed to its thermal limit, machine 
average temperatures can be utilised to determine if a machine is thermally 
appropriate for a particular task. An electrical machine supplier can utilise this 
information to provide quick reliable customer feedback on specific operational 
scenarios raised by the machine user. For specific, specially sensitive, electrical 
machines or particularly delicate operational conditions, machine manufacturers can 
choose to implement safety margins on top of MySolver temperature predictions. 
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Average temperature predictions generated by MySolver are within ± 3 °C of the 
measured temperatures, which indicates that MySolver is an ideal tool to obtain the 
described thermal information. As shown in Figures 8.22 and 8.23 for steady-state 
temperature predictions and in Figures 8.24 and 8.25 for transient simulations, an 
acceptably uniform agreement is observed throughout the complete kW loading 
range considered. 
 
9.3  Possible Thermal Modelling Alternatives 
 
As explained in Chapter 2, there are a number of possible thermal modelling 
techniques that can be considered in order to predict the thermal characteristics of a 
synchronous generator [14]. The analytical approach, utilising lumped parameter 
thermal models, has been evaluated in this thesis with positive results, but the 
problems faced, presented in this thesis and overviewed in this chapter, could be 
solved by the use of a numerical analysis tool. As reasoned in the pros and cons 
associated with analytical and numerical thermal analysis methods in Chapter 2, 
introducing a numerical analysis step into the thermal modelling procedure would 
eliminate the greatest benefit associated with lumped parameter thermal modelling; 
the quick computing time. Furthermore, this would significantly complicate the setup 
of the thermal models, their processing and the analysis of the eventual results. 
Nevertheless, for the particular electrical machine analysed in this thesis and given 
the previously unknown uneven nature of the through ventilating airflow, numerical 
methods such as CFD [7] & [98] could be a very appropriate addition to the thermal 
modelling process, if permitted by the thermal modelling process time constraints. 
As explained in the suggested future work in Section 10.3, understanding the airflow 
along the axial length of a through ventilated synchronous generator and electrical 
machines in general is imperative, and incorporating this step into the actual thermal 
modelling package would increase accuracy, without the need of any safety margins, 
such as that described in Section 9.2.6.  
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With regards to the development of the MySolver lumped parameter thermal 
modelling tool presented in this thesis, the addition of a numerical analysis stage in 
the modelling process is disregarded. The clear objectives in the development of 
MySolver, stated in Section 1.3, highlight the importance in creating a user friendly 
thermal modelling tool for non-specialist engineers, which can supply electrical 
machine customers immediate in situ feedback. Furthermore, as explained in Chapter 
6, where MySolver is introduced, the developed thermal tool allows for 
modifications to the rotor and stator thermal networks to be implemented with ease 
by simple alterations to the lumped parameter thermal resistive structures. This 
allows for straightforward improvements to the current thermal models in the future 
and for the addition of new models representing other electrical machine types of 
interest. If, on the other hand, a numerical tool was utilised, changes to the model 
would not be as simple to execute and the computing time would certainly be 
significantly higher, greatly jeopardising the achievement of the objectives 
established in Chapter 1. 
 
9.4  MySolver Limitations 
 
The developed lumped parameter thermal analysis tool MySolver has a number of 
limitations associated to it. Some of these limitations are inherited by the analytical 
lumped parameter nature of the models used, some are due to areas that require 
further work and others are due to limitations in the quality of the information 
supplied by the user to MySolver. Such MySolver limitations are listed in this 
section. 
 
• The MySolver version described in this thesis does not accommodate an 
airflow solver. Airflow related heat transfer coefficients, computed in Chapter 
3, are obtained using information from an internal Cummins Generator 
Technologies flow solver. Following the completion of the future airflow 
work described in Section 10.3 and the development of a synchronous 
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generator flow solver, MySolver could be transformed into a fully 
independent thermal modelling package. 
 
• The current version of MySolver presented in this thesis, is limited to three 
core length radial lumped parameter planes in the axial direction and two 
additional planes to represent drive-end and non-drive-end endwindings, as 
presented in Sections 3.5.1 and 3.5.2. The need for a higher discretisation 
level along the axial length of the electrical machine would require 
modifications to be made to the thermal models presented. 
 
• Furthermore, on the same lines as the previous limitation, MySolver thermal 
networks represent the rotor with seven lumped parameter nodes and the 
stator with five, as shown in Sections 3.3 and 3.4. This nodal discretisation 
level is sufficient for the current MySolver requirements, but if the user 
wishes a higher level of accuracy with a more complete electrical machine 
temperature distribution picture, modifications to the rotor and stator thermal 
models, to raise the number of lumped parameter rotor and stator nodes, 
would be required. 
 
• With regards to the actual components of the lumped parameter thermal 
modelling networks created in this thesis, as explained, thermal resistances 
are computed utilising reliable machine geometric information and material 
properties. Even so, there are a number of issues a lumped parameter thermal 
modelling user should be aware of relating to the accuracy of the thermal 
network components. The contact between two adjacent machine segments 
and, therefore, the heat transferred between the two will be dependant on how 
smooth this contact is. Studies have been performed on this issue [99]-[101], 
although the exact prediction of these parameters for specific electrical 
machines will always be complicated. Furthermore, the actual manufacturing 
process and machine assembly could have an effect on the mentioned heat 
transfer path, making feedback from experienced machine manufacturers 
very useful. 
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• MySolver will never provide the same high level of detail as a numerical 
analysis package, such as FEA, can supply, as discussed in Chapter 2. This is 
simply due to the analytical lumped parameter nature of MySolver, and users 
requiring FEA-like levels of thermal accuracy and detail should select 
numerical thermal analysis tools for the modelling of electrical machines. 
 
• As is clear from the rotor and stator lumped parameter models developed in 
Chapter 3, the presented MySolver version is specifically designed to model a 
synchronous generator. In order to model other machine types that might be 
of interest, such as a permanent magnet machine, modifications to the 
mentioned thermal models would be needed. 
 
• Some of the information supplied by the MySolver user, such as the machine 
material BH curves, thermal material properties, armature and field winding 
information and the magnitude of some operational losses might have to be 
unavoidably estimated if experimentally obtained reliable data is not 
available, as explained in the relevant sections in this thesis. This will 
inevitably lead to inaccuracies in the final results. As explained in Section 
10.3, future versions of MySolver could incorporate extensive thermal related 
information databases, keeping the estimations made by MySolver users to a 
minimum. 
 
• As highlighted in the MySolver operation outline in Chapter 6, system 
analysis tool Portunus is called from the main MySolver Excel spreadsheet to 
execute the thermal analysis of the machine lumped parameter networks.  A 
limitation exhibited by MySolver at this stage is the requirement to repeat any 
modifications made on the spreadsheet side of MySolver, where network 
thermal resistances are computed, a second time in Portunus. This slows 
down MySolver alterations, but does not compromise the accuracy of the 
results generated. 
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• MySolver’s results output interface could be seen as a limitation by the user, 
with respect to other numerical analysis solutions, since results are presented 
in numerical tables and graphical illustrations. Ideally, the user might prefer 
MySolver output temperature predictions to be presented in a more user 
friendly manner, colour coding the resulting temperatures across the diagram 
of the electrical machine to ease understanding. As pointed out in Section 
10.3, this is something to consider in future MySolver versions. 
 
9.5  Synchronous Generator Possible Optimisation Using 
MySolver 
 
MySolver can be utilised for the optimisation of the electrical machines analysed, 
once the user is confident that these are being modelled to the desired level of 
accuracy. Thermally relevant rotor and stator machine geometric parameters, 
presented in Chapter 3, can be varied within realistic limits to improve thermal 
performance, reducing component steady-state temperatures by promoting a better 
heat transfer away from the electrical machine. 
 
Illustrated in Figures 9.1 and 9.2 are possible rotor and stator geometric optimisation 
areas, with some examples shown in the tables included. These examples 
demonstrate the effect that alterations to the geometric variables listed,  Parameter, 
have on the overall rotor and stator steady-state temperature,  T, for an 18kW 
loading of the CGT alternator investigated in this thesis. On these lines, MySolver 
can serve as an optimisation tool for electrical machine designers and also provide 
immediate thermal related feedback to any related relevant customer queries.  
 
For the optimisation process, a sensitivity analysis stage could be utilised to 
determine the more thermally relevant machine geometric parameters. Once 
identified, these could be optimised as outlined in Figures 9.1 and 9.2. For this 
process, performing thermal modelling exclusively would be incorrect, since both the 
electrical machine’s electromagnetic and structural design would have to be carefully 
considered and approve any thermal optimisation changes suggested. 




Rotor optimisation outline: 
Parameter  Parameter  T (°C) 
p + 10 % - 1.19 
 - 10 % + 1.30 
y + 10 % - 1.20 
 - 10 % + 1.29 
w + 10 % - 0.09 
 - 10 % + 0.12 
x + 10 % - 1.42 
 - 10 % + 1.50 
z + 10 % - 0.51 
 - 10 % + 0.56 
+ 10 % - 1.96 Core 
length - 10 % + 2.25 











Figure 9.1:  CGT BCI184E alternator rotor optimisation outline illustration. 
 
Stator optimisation outline: 
Parameter  Parameter  T (°C)  Parameter  Parameter  T (°C) 
u + 10 % - 0.07  + 10 % - 2.17 
 - 10 % + 0.07  
Lam. inner 
diameter - 10 % + 2.37 
x + 10 % - 0.04  + 10 % - 4.08 
 - 10 % + 0.04  
Lam. outer 
diameter - 10 % + 4.47 
 
 
Figure 9.2:  CGT BCI184E alternator stator optimisation outline illustration. 
 
As shown in Figures 9.1 and 9.2, in general, making machine segments wider in size 
results in reduced overall temperatures. This is to be expected, since the increase in 
section size results in more effective thermal paths away from the machine and, 
hence, better cooling. Clearly, a link between the thermal and electromagnetic design 
procedures is essential at this stage, since any geometrical optimisation 
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modifications, such as the ones described in Figures 9.1 and 9.2, need to be 
electromagnetically validated. Restrictions to the synchronous generator’s size 
imposed by either the manufacturer or the customer might exist, making the thermal 
optimisation described impossible or greatly limited. Wherever possible and 
required, such a geometric parameter optimisation process can be carried out in order 
to reduce overall rotor and stator temperatures with the associated benefits to the 
electrical machine.  
 
9.6  Further Insight Provided by Additional Experiments 
 
Utilising the test bench developed, presented in Chapter 7, additional experiments are 
carried out with the objective of supplying further insight on how the thermal 
characteristics of a synchronous generator are affected by external factors, as 
opposed to the internal machine aspects such as operational power losses or through 
ventilating airflow, already covered in this thesis. A more detailed understanding of 
these issues can be translated into more accurate lumped parameter thermal models. 
Results on the investigation of the effect of increased generator frame insulation, of 
the thermal consequences of different moderate ambient temperatures and of the 
result of a fan modification, are analysed in this section. 
 
9.6.1  Effect of Insulating the Generator Frame on Thermal Distribution 
 
The CGT synchronous generator investigated in this thesis is insulated around the 
complete circumference of the frame, as shown in Figure 9.3, with the objective of 
removing all radiation from the machine frame and any heat convection to the 
surrounding airflow.  
 
Heat-runs are performed under loads of 10 kW and 14 kW, with the steady-state 
temperatures recorded compared to the non-insulated generator results examined in 
Chapter 8 and shown in Appendix G. The comparisons between insulated and non-
insulated frame thermocouple results are presented in Table 9.1, with the average 
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temperature rise of all stator/rotor thermocouple readings and the maximum 




Figure 9.3:  Frame Insulated Cummins Generator Technologies BCI184E 
Generator. 
 
Non-insulated frame: 10 kW loading 14 kW loading 
Stator average temperature rise (°C) 29.12 44.69 
Stator maximum temperature rise (°C) 35.96 55.60 
Rotor average temperature rise (°C) 24.97 34.59 
Rotor maximum temperature rise (°C) 27.89 38.65 
   
Insulated frame: 10 kW loading 14 kW loading 
Stator average temperature rise (°C) 30.07 46.34 
Stator maximum temperature rise (°C) 36.45 57.80 
Rotor average temperature rise (°C) 25.81 36.37 
Rotor maximum temperature rise (°C) 28.48 40.09 
Table 9.1:  Non-insulated and insulated frame steady-state temperature rise 
comparison. 
As shown in Table 9.1, there is not a significant difference in the average and 
maximum temperature rise values between the insulated and non-insulated frame 
scenarios considered. This is to be expected, since the majority of heat transfer from 
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the CGT alternator tested takes place via the through ventilating airflow. This is up to 
95 % according to the electrical machine manufacturer. The difference in 
temperatures observed in Table 9.1 could simply be due to the inevitable differences 
that exist between two practical experiments, where 100 % agreement is impossible, 
and not due to the frame insulation wrapping the frame of the generator. Therefore, 
with regards to the lumped parameter modelling performed by MySolver, this 
highlights the importance of simulating the machine to airflow heat transfer that 
takes place inside the frame and reduces the significance of the frame to ambient heat 
exchange that exists. For electrical machines that are not through ventilated, the 
removal of the frame to surrounding air heat transfer mechanisms will have a more 
significant effect on machine temperatures and other results would be obtained. 
 
9.6.2  Effect of Ambient Temperature on Machine Thermal Distribution 
 
Three heat-runs supplying a 12 kW load are executed at three different ambient 
temperatures, at a cold 10 °C, at 20 °C and at a warm 30 °C, investigating the 
possible effect that this might have on the synchronous generator’s temperature rise 
and the implications this could have on the lumped parameter thermal modelling. 
Machine material properties could be sensitive to the temperature range tested, 
altering operational machine losses, and the study performed should show this. 
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‘Cold’ ambient (~ 10 °C): 12 kW loading 
Stator average temperature rise (°C) 35.76 
Stator maximum temperature rise (°C) 44.27 
Rotor average temperature rise (°C) 28.53 
Rotor maximum temperature rise (°C) 31.28 
  
‘Normal’ ambient (~ 20 °C): 12 kW loading 
Stator average temperature rise (°C) 35.69 
Stator maximum temperature rise (°C) 44.61 
Rotor average temperature rise (°C) 29.26 
Rotor maximum temperature rise (°C) 32.68 
  
‘Hot’ ambient (~ 30 °C): 12 kW loading 
Stator average temperature rise (°C) 38.12 
Stator maximum temperature rise (°C) 47.12 
Rotor average temperature rise (°C) 31.49 
Rotor maximum temperature rise (°C) 35.62 
Table 9.2:  ‘Cold’, ‘normal’ and ‘hot’ ambient steady-state temperature rise 
comparison. 
As shown in Table 9.2, there are no major differences between the steady-state 
temperature rise magnitudes monitored for the three ambient temperature scenarios 
considered. Electrical machine material properties will indeed by affected by ambient 
temperatures, hence the purpose of the investigation, but the temperature range 
allowed by the testing installations available does not permit for this to be shown. 
Therefore, for lumped parameter simulations around the ambient temperatures 
investigated, not too much importance should be given to determining exact ambient 
temperatures for the modelling. Testing the generator under extreme temperatures, 
say ~ 0 °C or ~ + 60 °C, would be of great help to explore the effects on the thermal 
behaviour of the synchronous generator and is something to consider in future 
investigations. 
 
9.6.3  Effect of Fan Change on the Generator’s Thermal Behaviour 
 
Finally, the original synchronous generator shaft mounted fan is substituted by a 
newer, smaller, Cummins Generator Technologies fan. The new fan has a slightly 
reduced outer diameter, with shorter blades, resulting in a diminished through 
Evaluation and Discussion   
 
 234 
ventilating airflow and is intended for the latest, smaller sized, CGT synchronous 
generators. The original and new alternator fans are illustrated in Figure 9.4. 
 
 
Figure 9.4:  Original (left) and new (right) synchronous generator fans. 
The investigation intends to show the effect that a small alteration to the CGT 
machine’s airflow has on steady-state generator temperatures, for a constant kW 
loading, and their lumped parameter thermal modelling. Results obtained are 
presented in Table 9.3. 
 
Original fan: 10 kW loading 14 kW loading 
Stator average temperature rise (°C) 29.12 44.69 
Stator maximum temperature rise (°C) 35.96 55.60 
Rotor average temperature rise (°C) 24.97 34.59 
Rotor maximum temperature rise (°C) 27.89 38.65 
   
New fan: 10 kW loading 14 kW loading 
Stator average temperature rise (°C) 31.57 48.99 
Stator maximum temperature rise (°C) 38.50 60.12 
Rotor average temperature rise (°C) 27.40 37.77 
Rotor maximum temperature rise (°C) 30.99 42.41 
Table 9.3:  Original and new fan steady-state temperature rise comparison. 
As shown in Table 9.3, a slight alteration to the machine’s through ventilating 
airflow has a noticeable effect in the resulting stator and rotor steady-state 
temperatures. This is a crude investigation, since ideally the original and new 
airflows should be measured and precise heat transfer coefficients determined as a 
result. Nevertheless, the investigation highlights the importance of precise through 
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ventilating airflow modelling and the need for further work in this area, as detailed in 
Section 10.3, to increase the lumped parameter modelling accuracy of all machine 
areas exposed to this airflow. 
 
9.7  Chapter Summary 
 
The developed MySolver lumped parameter thermal modelling tool presented in this 
thesis is evaluated and discussed in this chapter. The main controversial areas, such 
as the airflow related modelling deficiencies, the non-symmetrical temperature 
distribution across the radial length of machine sections and limitations to the current 
lumped parameter models are covered. The limitations listed serve as a way to point 
out the areas where future work is required and are important information for the 
MySolver user to be aware of. Furthermore, as shown in this chapter, MySolver can 
be used to optimise the geometric features of an electrical machine where possible 
and the approach for this is outlined. To conclude the chapter, additional tests 
utilising the CGT synchronous generator enhance the understanding of the 
alternator’s thermal behaviour, with frame to surrounding airflow heat exchange, 
ambient temperature and fan generated airflow implications examined and their 
relevance to lumped parameter thermal modelling discussed. 








10.1  Introduction 
 
Given the wide range of thermal modelling options available to electrical machine 
designers it is fundamental to objectively reach a conclusion on the true potential that 
lumped parameter thermal modelling has, given the discussions and evaluations put 
forward in this thesis. Numerical and analytical thermal modelling techniques offer 
the user different advantages, which in some cases might leave no room for possible 
alternatives, if specific requirements need to be met. A numerical analysis tool will 
never have the computational speed of an analytical solver, whilst an analytical 
solution will not reach numerical analysis accuracy levels. It is as an everyday 
thermal modelling package where lumped parameter thermal analysis tools, such as 
MySolver, can thrive. This is because, in addition to the inherent quick feedback 
property, lumped parameter thermal models can be further developed to provide 
reasonably high levels of accuracy by tackling the limitations that exist, as shown in 
this thesis. 
 
The project detailed in this thesis develops a novel synchronous generator lumped 
parameter thermal modelling tool, MySolver. Explanations on the development of 
the rotor and stator thermal networks are given, with examples on the calculation of 
the network components given. With the objective of making MySolver more 
accurate, FEA is utilised to predict the distribution of iron losses across the machine 
laminations and the findings accommodated into the lumped parameter thermal 
networks. In addition to this, the discretisation levels utilised by MySolver to model 
the synchronous generator are discussed, with an emphasis on the windings due to 
their particular sensitivity to this. MySolver’s satisfactory operation is verified using 
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experimentally obtained data from a heavily thermocoupled CGT synchronous 
generator. In turn, the experimental information provides a good insight into the 
temperature distribution of the alternator. 
 
The aim of the research performed is to evaluate whether standalone lumped 
parameter based thermal modelling, as demonstrated by the tool developed in this 
thesis, MySolver, is an appropriate technique for modelling synchronous generators. 
Additionally, the work performed further develops areas where additional work is 
needed and thermal modelling issues that require further progress are identified.  
 
10.2  Conclusion 
 
Lumped parameter thermal modelling is a reliable, precise method to predict 
synchronous generator component temperatures. Accuracy limitations, which should 
be clear to the user, still exist compared to numerical analysis techniques, but the 
objectives established at the start of the project are successfully accomplished using 
lumped parameter thermal modelling. A user friendly, versatile, quick feedback 
thermal prediction tool, MySolver, is created and it can go alongside electromagnetic 
design programs in the designer’s work book in an iterative manner. MySolver can 
consistently serve as a fast consultation instrument for electrical machine designers 
exploring the thermal limits of new generator designs. It serves as a method to 
provide electrical machine customer’s quick feedback on particular operational 
scenarios, where thermal considerations might be necessary, making sure that 
machine thermal limits are not surpassed and the machine’s integrity put at risk. 
Furthermore, where needed, MySolver can be used as a way of improving generator 
designs to channel operational losses away from the machine more effectively. 
Geometric machine features can be optimised and, as a consequence, lower 
temperature generators with extended lifetimes result. These optimised generators 
can therefore be used for a wider range of operations, increasing customer 
satisfaction on the generators and relieving stress on the original machine thermal 
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limits. Therefore, the work presented in this thesis is a significant contribution to the 
lumped parameter thermal modelling field of study. 
 
The concluding statements in this section are supported by the experimental 
validation stage performed, confirming an adequate MySolver operation. Specific 
electrical machine areas where the correlation between simulated and recorded 
temperatures is not as good are highlighted in the thesis. These relate primarily to the 
stator winding overhangs and rotor endwindings and are mainly due to the 
experimentally identified complex non-uniform airflow paths through the 
synchronous generator. Causes for these limitations, immediate related measures to 
be taken and further work to solve these deficiencies are covered in this thesis.   
 
Overall, the results provided by MySolver are very good throughout the wide range 
of operational conditions considered, and average temperatures computed show very 
good agreement with experimental data. MySolver results are clearly within an error 
of ± 5 °C for both steady-state and transient simulations. These reliable generator 
average temperatures serve as a good general indicator for a machine’s suitability for 
a specific task.  
 
Looking ahead into how electrical machine thermal modelling might be performed in 
the future, the availability of more powerful computing systems that will reduce the 
disadvantages linked with numerical thermal modelling techniques, might make 
these more attractive to machine designers. Such techniques have clear accuracy 
level advantages which might be necessary for some studies, but there will always be 
a need for quick feedback user friendly thermal modelling methods. A reliable 
lumped parameter thermal modelling tools, such as MySolver, enhanced by as many 
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10.3  Future Work 
 
As mentioned throughout the thesis, there are numerous additional investigations that 
could be executed in the future to extend the work presented. As shown, the lumped 
parameter thermal models implemented by MySolver produce good results, but the 
further work described in this section would increase the modelling accuracy 
associated with particular machine parts and, hence, the overall MySolver 
performance.  
 
The need for further airflow related work is clear from the discussions covered in this 
thesis. The main limitations related to the lumped parameter thermal modelling tool 
developed are caused by the lack of understanding of the cooling airflow, flowing 
from the non-drive-end to the drive-end of the machine, making this work the 
primary target in future investigations. To a certain extent, an even airflow 
characteristic is assumed across the complete circumference of the through 
ventilating paths of the synchronous generator investigated. Unfortunately, as the 
thermocouple experimental results obtained show, this is most certainly not the case 
and further work is required to add to the work already performed in this area [102]-
[104]. 
 
Therefore, it would be of great interest to perform a detailed airflow study to fully 
understand how the air behaves as it travels through the synchronous generator from 
the non-drive-end to the drive-end of the machine. This could be done both through 
simulations and with some experimental work to validate the results obtained, much 
like the thermocouples currently embedded in the synchronous generator verify the 
resulting temperature predictions generated by MySolver for the different machine 
parts. Hence, an experimentally validated detailed CFD simulation of the 
synchronous generator is recommended. As with the FEA work covered in this 
thesis, detailed machine geometries and reliable component information will be 
required for this. For the experimental verification, airflow sensors should be placed 
in as many positions as possible along the airflow paths, both at external locations 
and inside the generator. In order not to compromise the investigation, these sensors 
Conclusions   
 
 240 
should be very small in size so that no airflow is impeded. A matrix of airflow 
sensors could be placed at the generator air inlets and outlets, monitoring how 
effective these are and potentially highlighting possible improvements in their shape 
and/or location. To a certain extent, a similar setup could be implemented within the 
machine, with sensors placed around the circumference of both stator endwindings 
and around as many lamination and winding segments as realistically possible. From 
the CFD and experimental information obtained a more accurate representation of 
the airflow through the synchronous generator could be deduced and consequently 
more precise convective heat transfer coefficients computed. Potentially, this would 
lead to novel airflow heat transfer correlations that, once accommodated into the 
lumped parameter thermal modelling tool, would improve temperature predictions. 
This would particularly be the case for the machine sections more exposed to the 
airflow, as explained in this thesis. It is important to note that airflow and therefore 
the resulting heat transfer coefficients, will be greatly dependent on specific machine 
geometries and the ventilation system implemented. Hence, it is highly unlikely that 
findings for a particular machine, from a specific manufacturer, will be transferrable 
to other machine designs. A number of general conclusions, applying to electrical 
machines in general, are likely to be drawn from such studies, but how much of the 
information obtained is exclusive to the particular machine being investigated will 
only be clear once a wide range of airflow investigations has been carried out.  
 
Another phase of further work that could be considered relates to the user interface 
and additional operations of the MySolver thermal modelling tool. Currently, in 
order to truly recreate a specific experimental heat-run, armature and field winding 
current and voltage magnitudes are input by the user to generate realistic operational 
power losses. This should always remain a feature of MySolver, but for majority of 
situations where experimental readings are not available, MySolver could 
incorporate a parameter estimation feature. Based on the information recorded for a 
number of electrical machines, MySolver could estimate the necessary armature and 
field information derived from the machine operational conditions. As a result, this 
could yield a lumped parameter modelling package a lot more universal and less 
dependent on user knowledge or information available. Similarly, material databases 
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could be integrated into MySolver, encapsulating all required machine component 
information for as wide a range of machine types as possible. This could include 
material thermal conductivities, densities, specific heat capacities and even a 
collection of BH curves for possible FEA loss related simulations. For this MySolver 
addition, the required wide range of information would have to be obtained from 
electrical machine manufacturers and material suppliers. This has proved challenging 
in the past, with some information related to specific machine parts and/or operating 
conditions hard to acquire, which could complicate the described MySolver 
development. Finally regarding MySolver’s user interface, a visually more effective 
results delivery method could be employed. As mentioned in the thesis, MySolver 
generates temperature tables and graphical illustrations of the simulations executed, 
but a better approach could be to add a more FEA-like output technique, such as that 
illustrated for the rotor lamination example in Figure 10.1, based on 14 kW loading 
steady-state results. As shown, a temperature dependant colour coded scheme over 
the relevant electrical machine component diagrams clearly illustrates the 




Figure 10.1:  Improved MySolver component temperature output interface rotor 
lamination example. 
Additionally, current MySolver lumped parameter thermal models could be extended 
to a more discretised format, both in the radial and axial direction. This would be 
done by increasing the number of nodes radially representing specific machine parts 
and including extra axial planes. Such a development was not necessary for this 
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project, but some applications might require users to obtain more detailed 
information and this development would allow for it. 
 
To conclude, final further work areas could include expansion of the experiments 
presented in this thesis. The use of an inductive load could allow MySolver to be 
validated for a wide range of non-unity power factor conditions. Also, using a higher 
rated induction motor to drive the synchronous generator would permit for overload 
MySolver simulations to be verified, either as standalone heat-runs or as part of duty-
cycle runs. Finally, after such additions, MySolver could be used to explore other 
machine types and sizes. MySolver currently gives the user the flexibility to make 
the geometric, power loss and airflow changes to allow for this and, this way, 
MySolver’s true ability as a universal thermal modelling tool could be determined. 
 
In order to aid all of the further work described in this section, the addition of 
supplementary thermocouples to unexplored machine segments or around areas 
where further information would be advantageous. As the results collected in this 
thesis show, the temperature distribution of a synchronous generator is far from 
uniform and straightforward to predict, encouraging the use of as many machine 







CGT BCI184E Synchronous Generator 
Data Sheets 
 


























































































CGT BCI184E Armature Winding 
Details 
 
B.1 CGT BCI184E Individual Phase Armature Winding 
Information 
 
Three-phase details of the Cummins Generator Technologies BCI184E synchronous 
generator armature windings are presented in Tables C.1 to C.3. These are utilised 
for the FEA work covered in Chapter 4 and provide insight into the armature star 
winding configuration information illustrated in Figure 4.7 (Section 4.3.1). 
 
Note: CC stands for clock-wise winding direction and CCC stands for counter clock-
wise winding direction. Wire diameter is measured in millimetres. 
 
 





Table B.2:  BCI184E generator stator winding V-phase details. 
 

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































ThyssenKrupp Stahl, PowerCore® M 
800-65 A, Lamination Information 
 























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Full MySolver Steady-State & Transient 
Validation against Experimental Data   
 
Note: The thermocouples used to validate MySolver are illustrated in Table 8.7 
(Section 8.2.1). Rotor MySolver lumped parameter thermal network nodes a shown 
in Figures 3.3 (Section 3.3) and 3.14 (Section 3.5.1) and rotor winding thermocouple 
locations in Figure 7.6 (Section 7.2.1). Stator MySolver lumped parameter thermal 
network nodes a presented in Figures 3.7 (Section 3.4) and 3.17 (Section 3.5.2) and 
stator winding thermocouple locations are in Figures 7.3 and 7.5 (Section 7.2.1). 
G.1 Steady-State MySolver Validation 
 
5 kW loading 
 
Actual kW load tested: 5.25 kW 
Node MySolver (°C) Experimental (°C) Error (°C) 
a1 18.85 19.53 - 0.68 
b1 19.43 19.91 - 0.48 
c1 19.96 20.96 - 1.00 
d1 18.38 16.98 + 1.40 
e1 20.41 18.39 + 2.02 
a3 18.62 18.20 + 0.42 
b3 19.15 20.43 - 1.28 
c3 19.72 18.97 + 0.75 
Average (°C) 19.32 19.17 + 0.15 
Table G.1: 5 kW loading MySolver rotor thermal network steady-state validation. 
Actual kW load tested: 5.25 kW 
Node MySolver (°C) Experimental (°C) Error (°C) 
a1 18.07 17.46 + 0.61 
b1 19.01 18.86 + 0.15 
c1 18.90 19.24 - 0.34 
d1 15.77 17.20 - 1.43 
e1 16.75 19.40 - 2.65 
a2 19.51 17.46 + 2.05 
b2 20.57 18.86 + 1.71 
c2 20.12 19.24 + 0.88 
Average (°C) 18.59 18.46 + 0.13 





8 kW loading 
 
Actual kW load tested: 8.20 kW 
Node MySolver (°C) Experimental (°C) Error (°C) 
a1 22.26 23.12 - 0.86 
b1 22.90 23.78 - 0.88 
c1 23.56 24.62 - 1.06 
d1 21.95 20.50 + 1.45 
e1 24.33 22.30 + 2.03 
a3 22.03 21.80 + 0.23 
b3 22.62 24.04 - 1.42 
c3 23.31 22.86 + 0.45 
Average (°C) 22.87 22.88 - 0.01 
Table G.3:  8 kW loading MySolver rotor thermal network steady-state validation.  
Actual kW load tested: 8.20 kW 
Node MySolver (°C) Experimental (°C) Error (°C) 
a1 23.29 22.34 + 0.95 
b1 24.29 24.01 + 0.28 
c1 24.29 24.63 - 0.34 
d1 21.25 22.89 - 1.64 
e1 22.44 25.52 - 3.08 
a2 25.05 22.34 + 2.71 
b2 26.19 24.01 + 2.18 
c2 25.79 24.63 + 1.16 
Average (°C) 24.07 23.80 + 0.27 
Table G.4:  8 kW loading MySolver stator thermal network steady-state validation. 
 
10 kW loading 
 
Actual kW load tested: 10.28 kW 
Node MySolver (°C) Experimental (°C) Error (°C) 
a1 25.51 26.44 - 0.93 
b1 26.20 27.05 - 0.85 
c1 26.98 27.89 - 0.91 
d1 25.34 23.37 + 1.97 
e1 28.06 25.41 + 2.65 
a3 25.28 25.28 0.00 
b3 25.92 27.53 - 1.61 
c3 26.74 26.10 + 0.64 
Average (°C) 26.25 26.13 + 0.12 






Actual kW load tested: 10.28 kW 
Node MySolver (°C) Experimental (°C) Error (°C) 
a1 28.58 27.11 + 1.47 
b1 29.61 29.03 + 0.58 
c1 29.75 29.89 - 0.14 
d1 26.95 28.42 - 1.47 
e1 28.34 31.42 - 3.08 
a2 30.66 27.11 + 3.55 
b2 31.84 29.03 + 2.81 
c2 31.51 29.89 + 1.62 
Average (°C) 29.66 28.99 + 0.67 
Table G.6:  10 kW loading MySolver stator thermal network steady-state validation. 
 
12 kW loading 
 
Actual kW load tested: 12.26 kW 
Node MySolver (°C) Experimental (°C) Error (°C) 
a1 30.34 31.42 - 1.08 
b1 31.09 32.38 - 1.29 
c1 32.05 33.40 - 1.35 
d1 30.41 28.16 + 2.25 
e1 33.58 30.54 + 3.04 
a3 30.11 30.05 + 0.06 
b3 30.81 32.89 - 2.08 
c3 31.81 31.36 + 0.45 
Average (°C) 31.28 31.27 + 0.01 
Table G.7:  12 kW loading MySolver rotor thermal network steady-state validation.  
Actual kW load tested: 12.26 kW 
Node MySolver (°C) Experimental (°C) Error (°C) 
a1 34.14 32.96 + 1.18 
b1 35.20 35.17 + 0.03 
c1 35.50 36.38 - 0.88 
d1 32.95 35.16 - 2.21 
e1 34.56 38.65 - 4.09 
a2 36.54 32.96 + 3.58 
b2 37.76 35.17 + 2.59 
c2 37.51 36.38 + 1.13 
Average (°C) 35.52 35.35 + 0.17 





14 kW loading 
Actual kW load tested: 14.17 kW 
Node MySolver (°C) Experimental (°C) Error (°C) 
a1 34.50 36.47 - 1.97 
b1 35.32 37.28 - 1.96 
c1 36.45 38.65 - 2.20 
d1 34.75 32.55 + 2.20 
e1 38.37 35.35 + 3.02 
a3 34.27 35.20  -0.93 
b3 35.05 37.72 - 2.67 
c3 36.20 36.13  +0.07 
Average (°C) 35.61 36.17  - 0.56 
Table G.9:  14 kW loading MySolver rotor thermal network steady-state validation.  
Actual kW load tested: 14.17 kW 
Node MySolver (°C) Experimental (°C) Error (°C) 
a1 42.55 40.43 + 2.12 
b1 43.59 43.04 + 0.55 
c1 44.16 44.64 - 0.48 
d1 42.23 43.84 - 1.61 
e1 44.15 47.83  - 3.69 
a2 45.43 40.43 + 5.00 
b2 46.67 43.04 + 3.63 
c2 46.58 44.64 + 1.94 
Average (°C) 44.42 43.49 + 0.93 
Table G.10:  14 kW loading MySolver stator thermal network steady-state 
validation. 
 
16 kW loading 
Actual kW load tested: 16.52 kW 
Node MySolver (°C) Experimental (°C) Error (°C) 
a1 42.90 45.43 - 2.53 
b1 43.84 46.81 - 2.97 
c1 45.27 48.25 - 2.98 
d1 43.55 40.97 + 2.58 
e1 47.99 44.51 + 3.48 
a3 42.67 43.87 - 1.20 
b3 43.57 47.30 - 3.73 
c3 45.03 45.41 - 0.38 
Average (°C) 44.35 45.32 - 0.97 





Actual kW load tested: 16.52 kW 
Node MySolver (°C) Experimental (°C) Error (°C) 
a1 54.19 54.10 + 0.09 
b1 55.23 57.29 - 2.06 
c1 56.18 59.50 - 3.32 
d1 55.06 59.13 - 4.07 
e1 57.42 63.99 - 6.57 
a2 57.71 54.10 + 3.61 
b2 58.97 57.29 + 1.68 
c2 59.11 59.50 - 0.39 
Average (°C) 56.73 58.11 - 1.38 
Table G.12:  16 kW loading MySolver stator thermal network steady-state 
validation. 
 
18 kW loading 
Actual kW load tested: 18.38 kW 
Node MySolver (°C) Experimental (°C) Error (°C) 
a1 50.28 53.71 - 3.43 
b1 51.34 55.06 - 3.72 
c1 53.05 56.88 - 3.83 
d1 51.25 47.99 + 3.26 
e1 56.46 52.25 + 4.21 
a3 50.05 51.58 - 1.53 
b3 51.06 55.61 - 4.55 
c3 52.80 53.47 - 0.67 
Average (°C) 52.04 53.32 - 1.28 
Table G.13:  18 kW loading MySolver rotor thermal network steady-state 
validation.  
Actual kW load tested: 18.38 kW 
Node MySolver (°C) Experimental (°C) Error (°C) 
a1 66.83 65.02 + 1.81 
b1 67.83 68.74 - 0.91 
c1 69.20 71.56 - 2.36 
d1 69.10 71.98 - 2.88 
e1 71.92 77.41 - 5.49 
a2 71.05 65.02 + 6.03 
b2 72.31 68.74 + 3.57 
c2 72.70 71.56 + 1.14 
Average (°C) 70.12 70.00 + 0.12 





20 kW loading 
Actual kW load tested: 20.39 kW 
Node MySolver (°C) Experimental (°C) Error (°C) 
a1 58.03 61.81 - 3.78 
b1 59.22 63.10 - 3.88 
c1 61.23 65.00 - 3.77 
d1 59.32 56.08 + 3.24 
e1 65.37 61.12 + 4.25 
a3 57.80 60.37 - 2.57 
b3 58.95 64.03 - 5.08 
c3 60.99 62.43 - 1.44 
Average (°C) 60.11 61.74 - 1.63 
Table G.15:  20 kW loading MySolver rotor thermal network steady-state 
validation.  
Actual kW load tested: 20.39 kW 
Node MySolver (°C) Experimental (°C) Error (°C) 
a1 82.47 80.60 + 1.87 
b1 83.40 85.00 - 1.60 
c1 85.29 88.60 - 3.31 
d1 86.53 89.92 - 3.39 
e1 89.90 96.08 - 6.18 
a2 87.54 80.60 + 6.94 
b2 88.79 85.00 + 3.79 
c2 89.52 88.60 + 0.92 
Average (°C) 86.68 86.80 - 0.12 




















G.2 Transient MySolver Validation 
 
5 kW loading 
Actual kW load tested: 5.25 kW 
Node MySolver (°C) Experimental (°C) Error (°C) 
a1 14.09 15.58 - 1.49 
b1 14.31 15.23 - 0.92 
c1 14.82 16.36 - 1.54 
d1 14.43 13.61 + 0.82 
e1 15.76 14.82 + 0.94 
a3 13.92 14.80 - 0.88 
b3 14.14 16.19 - 2.05 
c3 14.63 14.57 + 0.06 
Average (°C) 14.51 15.15 - 0.64 
Table G.17: 5 kW loading MySolver rotor thermal network transient validation.  
Actual kW load tested: 5.25 kW 
Node MySolver (°C) Experimental (°C) Error (°C) 
a1 15.51 14.89 + 0.62 
b1 16.38 15.96 + 0.42 
c1 16.20 16.21 - 0.01 
d1 13.17 14.76 - 1.59 
e1 13.96 16.34 - 2.38 
a2 16.75 14.89 + 1.86 
b2 17.72 15.96 + 1.76 
c2 17.25 16.21 + 1.04 
Average (°C) 15.87 15.65 + 0.22 
Table G.18:  5 kW loading MySolver stator thermal network transient validation. 
 
8 kW loading 
Actual kW load tested: 8.20 kW 
Node MySolver (°C) Experimental (°C) Error (°C) 
a1 16.81 18.03 - 1.22 
b1 17.02 18.31 - 1.29 
c1 17.66 19.07 - 1.41 
d1 17.43 16.12 + 1.31 
e1 18.99 17.11 + 1.88 
a3 16.64 17.11 - 0.47 
b3 16.88 17.88 - 1.00 
c3 17.48 17.34 + 0.14 
Average (°C) 17.36 17.62 - 0.26 





Actual kW load tested: 8.20 kW 
Node MySolver (°C) Experimental (°C) Error (°C) 
a1 20.25 19.42 + 0.83 
b1 21.17 20.70 + 0.47 
c1 21.09 21.18 - 0.09 
d1 18.16 20.11 - 1.95 
e1 19.13 22.03 - 2.90 
a2 21.78 19.42 + 2.36 
b2 22.82 20.70 + 2.12 
c2 22.39 21.18 + 1.21 
Average (°C) 20.85 20.59 + 0.26 




10 kW loading 
Actual kW load tested: 10.28 kW 
Node MySolver (°C) Experimental (°C) Error (°C) 
a1 19.38 20.30 - 0.92 
b1 19.60 20.12 - 0.52 
c1 20.35 21.04 - 0.69 
d1 20.26 17.83 + 2.43 
e1 22.06 19.72 + 2.34 
a3 19.22 20.00 - 0.78 
b3 19.47 20.90 - 1.43 
c3 20.18 20.26 - 0.08 
Average (°C) 20.06 20.02 + 0.04 
Table G.21:  10 kW loading MySolver rotor thermal network transient validation.  
Actual kW load tested: 10.28 kW 
Node MySolver (°C) Experimental (°C) Error (°C) 
a1 24.85 23.76 + 1.09 
b1 25.77 25.22 + 0.55 
c1 25.83 25.92 - 0.09 
d1 23.17 25.20 - 2.03 
e1 24.29 27.39 - 3.10 
a2 26.65 23.76 + 2.89 
b2 27.70 25.22 + 2.48 
c2 27.34 25.92 + 1.42 
Average (°C) 25.70 25.30 + 0.40 




12 kW loading 
Actual kW load tested: 12.26 kW 
Node MySolver (°C) Experimental (°C) Error (°C) 
a1 23.27 24.99 - 1.72 
b1 23.48 24.66 - 1.18 
c1 24.41 25.76 - 1.35 
d1 24.55 22.36 + 2.19 
e1 26.67 23.98 + 2.69 
a3 23.13 23.92 - 0.79 
b3 23.37 25.64 - 2.27 
c3 24.25 24.81 - 0.56 
Average (°C) 24.14 24.51 - 0.37 
Table G.23:  12 kW loading MySolver rotor thermal network transient validation. 
Actual kW load tested: 12.26 kW 
Node MySolver (°C) Experimental (°C) Error (°C) 
a1 30.13 29.39 + 0.74 
b1 31.08 31.11 - 0.03 
c1 31.28 32.10 - 0.82 
d1 28.89 31.68 - 2.79 
e1 30.21 34.27 - 4.06 
a2 32.23 29.39 + 2.84 
b2 33.31 31.11 + 2.20 
c2 33.03 32.10 + 0.93 
Average (°C) 31.27 31.39 - 0.12 
Table G.24:  12 kW loading MySolver stator thermal network transient validation. 
 
14 kW loading 
Actual kW load tested: 14.17 kW 
Node MySolver (°C) Experimental (°C) Error (°C) 
a1 26.54 28.53 - 1.99 
b1 26.75 28.54 - 1.79 
c1 27.83 29.52 - 1.69 
d1 28.14 25.67 + 2.47 
e1 30.57 27.74 + 2.83 
a3 26.40 28.21 - 1.81 
b3 26.66 29.39 - 2.73 
c3 27.68 27.91 - 0.23 
Average (°C) 25.57 28.19 - 0.62 






Actual kW load tested: 14.17 kW 
Node MySolver (°C) Experimental (°C) Error (°C) 
a1 37.82 35.98 + 1.84 
b1 38.73 37.97 + 0.76 
c1 39.18 39.30 - 0.12 
d1 37.43 39.42 - 1.99 
e1 39.01 42.35 - 3.34 
a2 40.35 35.98 + 4.37 
b2 41.43 37.97 + 3.46 
c2 41.30 39.30 + 2.00 
Average (°C) 39.41 38.53 +0.88 
Table G.26:  14 kW loading MySolver stator thermal network transient validation. 
 
16 kW loading 
Actual kW load tested: 16.52 kW 
Node MySolver (°C) Experimental (°C) Error (°C) 
a1 32.98 34.50 - 1.52 
b1 33.16 34.76 - 1.60 
c1 34.54 35.40 - 0.86 
d1 35.31 31.37 + 3.94 
e1 38.27 33.77 + 4.50 
a3 32.87 33.48 - 0.61 
b3 33.12 35.08 - 1.96 
c3 34.42 33.90 + 0.52 
Average (°C) 34.33 34.03 + 0.30 
Table G.27:  16 kW loading MySolver rotor thermal network transient validation.  
Actual kW load tested: 16.52 kW 
Node MySolver (°C) Experimental (°C) Error (°C) 
a1 48.04 47.37 + 0.67 
b1 48.90 49.80 - 0.90 
c1 49.69 51.64 - 1.95 
d1 48.81 52.30 - 3.49 
e1 50.72 55.83 - 5.11 
a2 51.09 47.37 + 3.72 
b2 52.15 49.80 + 2.35 
c2 52.23 51.64 + 0.59 
Average (°C) 50.20 50.72 - 0.52 





18 kW loading 
Actual kW load tested: 18.38 kW 
Node MySolver (°C) Experimental (°C) Error (°C) 
a1 38.78 40.00 - 1.22 
b1 38.95 40.07 - 1.12 
c1 40.60 41.70 - 1.10 
d1 41.71 36.41 + 5.30 
e1 45.18 39.47 + 5.71 
a3 38.69 39.41 - 0.72 
b3 38.96 41.13 - 2.17 
c3 40.50 39.39 + 1.11 
Average (°C) 40.42 39.70 + 0.72 
Table G.29:  18 kW loading MySolver rotor thermal network transient validation. 
Actual kW load tested: 18.38 kW 
Node MySolver (°C) Experimental (°C) Error (°C) 
a1 59.54 56.49 + 3.05 
b1 60.34 59.23 + 1.11 
c1 61.53 61.56 - 0.03 
d1 61.70 63.13 - 1.43 
e1 64.00 66.96 - 2.96 
a2 63.21 56.49 + 6.72 
b2 64.23 59.23 + 5.00 
c2 64.57 61.56 + 3.01 
Average (°C) 62.39 60.58 + 1.81 
Table G.30:  18 kW loading MySolver stator thermal network transient validation. 
 
20 kW loading 
Actual kW load tested: 20.39 kW 
Node MySolver (°C) Experimental (°C) Error (°C) 
a1 44.82 46.28 - 1.46 
b1 45.00 46.84 - 1.84 
c1 46.93 48.42 - 1.49 
d1 48.37 42.64 + 5.73 
e1 52.41 45.84 + 6.57 
a3 44.75 45.60 - 0.85 
b3 45.05 47.57 - 2.52 
c3 46.86 46.38 + 0.48 
Average (°C) 46.77 46.20 + 0.57 






Actual kW load tested: 20.39 kW 
Node MySolver (°C) Experimental (°C) Error (°C) 
a1 73.20 69.58 + 3.62 
b1 73.88 72.79 + 1.09 
c1 75.54 75.77 - 0.23 
d1 77.12 78.33 - 1.21 
e1 79.83 82.69 - 2.86 
a2 77.58 69.58 + 8.00 
b2 78.52 72.79 + 5.73 
c2 79.17 75.77 + 3.40 
Average (°C) 76.86 74.66 + 2.20 
Table G.32:  20 kW loading MySolver stator thermal network transient validation. 
 






Additional Duty Cycle Simulations 
 
5 kW – 12 kW – 10 kW Duty Cycle  
 




MySolver Experimental Error (°C) 
45 5.24 16.07 17.12 - 1.05 
90 12.27 28.73 29.02 - 0.29 
135 10.30 26.14 26.32 - 0.18 
Table H.1:  5kW-12kW-10kW duty-cycle MySolver rotor validation results. 




MySolver Experimental Error (°C) 
45 5.24 17.55 17.12 + 0.43 
90 12.27 34.80 35.39 - 0.59 
135 10.30 29.78 29.06 + 0.72 
Table H.2:  5kW-12kW-10kW duty-cycle MySolver stator validation results. 



























































Figure H.2:  5kW-12kW-10kW duty-cycle MySolver stator and validation results. 




12 kW – 8 kW – 12 kW Duty Cycle  
 




MySolver Experimental Error (°C) 
45 12.29 26.45 26.98 - 0.53 
90 8.21 22.49 22.62 - 0.13 
135 12.27 30.10 30.13 - 0.03 
Table H.3:  12kW-8kW-12kW duty-cycle MySolver rotor validation results. 




MySolver Experimental Error (°C) 
45 12.29 33.90 34.13 - 0.23 
90 8.21 24.37 23.72 + 0.65 
135 12.27 35.07 35.10 - 0.03 




























Figure H.3:  12kW-8kW-12kW duty-cycle MySolver rotor and validation results. 
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